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Based on bridge failure data compiled by the New York State Department of Transportation, 
collision, both caused by vessels and vehicles, is the second leading cause of bridge failures after 
hydraulic. The current AASHTO-LRFD (2017) specification recommends designing a bridge pier 
vulnerable to vehicular impacts for an equivalent static force of 2,670-kN (600 kips) applied in a 
horizontal plane at a distance of 1.5 m (5.0 feet) above the ground level. The vast majority of 
research studies on vehicular collision with bridge piers have been carried out with single-unit  
trucks, which are typically classified as medium-duty vehicles weighing about 89 kN (20,000 lb). 
Yet, collision events that involve severe bridge damage are generally caused by heavy-duty trucks, 
generally tractor-semitrailers weighing 360 kN (80,000 lb). The handful of tests that were 
conducted to study heavy truck collision employed rigid piers, which means that the deformation 
and failure mechanisms of the piers were neglected. This study proposed a performance-based 
approach for designing a bridge pier subject to impact by a tractor-semitrailer weighing up to 360 
kN (80,000 lb) based on a computational investigation. Validated, high-fidelity finite element 
simulations of collisions between tractor-semitrailers and reinforced concrete bridge piers have 
been carried out to investigate the demands imposed upon, and damage modes of, concrete piers. 
iv 
 
Through extensive numerical simulation of heavy vehicle (tractor-semitrailer) impacts on piers, 
the impact force time histories were simplified in the form of analytical triangular pulse functions. 
The parameters of these functions were derived through numerical regression based on the 
simulation results. A performance-based approach that relates demands (in terms of the applied 
force time histories) and capacity (in terms of acceptable shear distortion and plastic rotation) was 
proposed for the design of bridge piers vulnerable to heavy vehicle impact. Since many collision 
failures have been observed to be dominated by shear failure, the proposed performance-based 
approach used capacity-design concepts from earthquake engineering to mitigate collapse by 
minimizing shear distortion of piers impacted by heavy vehicles. Simulation results in this study 
have shown that the capacity design method can significantly reduce the shear distortion in the 
piers when subject to heavy truck impact. The risk of pier collapse in a given impact event was 
also evaluated based on Monte Carlo simulations, and a risk-based design framework was 
proposed in this study. The proposed risk-based design approach can serve as a powerful tool for 
the bridge owners to leverage the capacity of bridge piers and the risk of bridge damage caused by 
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CHAPTER 1 INTRODUCTION  
1.1 Background 
Highway bridges represent critical nodes in transportation infrastructure networks, and they are 
routinely exposed to a variety of hazards, such as earthquakes, hurricanes, floods, and impacts 
from heavy vehicles.   According to the 2016 National Bridge Inventory database available at 
FHWA1, there are a total of 614,387 bridges in the United States. Quoting from the National 
Highway Traffic Safety Administration (NHTSA) Fatal Accident Reporting System (FARS), a 
1994 National Transportation Safety Board (NTSB) study noted that “The NHTSA estimates 1,000 
trucks and buses (10,000 pounds gross weight or greater) collide with bridge structures” each year. 
(Zimmerman 2012).  Based on bridge failure data compiled by the New York State Department of 
Transportation, Figure 1-1 shows the relative distribution of the causes of bridge failures in the 
United States between 1967 and 2006 (Lee et al. 2006).  It is observed that collision, caused by 
water vessels and vehicles, is the second leading cause of bridge failures after flooding (hydraulic). 
 

















Over the past several decades, a significant rise in vehicular collisions on bridges has been 
reported in the United States as well as in other parts of the world.  Harik et al. (1990) analyzed 
114 bridge failures in the United States over a 38-year period (1951-1988). They found that 
approximately 17 out of 114 failures (15%) were due to the truck collisions. In a similar study, 
Wardhana and Hadipriono (2003) analyzed 503 bridge failures over an 11-year period (1989-2000) 
and reported that 14 (3%) of bridge failures were caused by collisions of trucks or other vehicles.  
Agrawal et al. (2011) carried out a survey of transportation agencies to gauge their concern about 
the impact of over-height vehicles on highway bridges.  They noted that a majority of highway 
agencies in the United States found the impact on bridges by trucks is a major concern, as shown 
in Figure 1-2. 
  
Figure 1-2: Survey of vehicle impacts on bridges in the United States 
Vehicular impacts on bridge piers can have serious implications in terms of loss of human lives 
in a (Joshi and Gupta 2012). For example,  Figure 1-3 shows the impact by a heavy truck on the 





piers of the Tancahua Street Bridge over IH-37 in Corpus Christi, Texas, on May 14, 2004.  As a 
result of this impact, one pier of the bridge was destroyed, although the bridge did not collapse.  
Figure 1-4 shows the effect of truck impact on piers of the FM 2110 bridge over IH-30, Texarkana, 
Texas on August 8, 1994, where two spans of the bridge collapsed.  A number of such accidents 
have been documented in Buth et al. (2010) and Xu (2017). 
 
Figure 1-3: Truck impact on piers of Tancahua Street Bridge over IH-37, Corpus Christi, 
Texas on May 14, 2004. 
 




1.2 Literature Review 
To address the threat to the safety of bridges vulnerable to vehicular impacts, bridge design codes 
in the United States have provisions that implicitly or explicitly address the impact by trucks on 
piers. For example, the New York State Department of Transportation has been using a Collision 
Vulnerability Manual (NYSDOT 1996), which presents an approach to estimate collision 
vulnerability of bridge piers based on pier type, the presence of protective barriers, structural 
redundancy, the volume of truck traffic, and the posted the speed limit.  However, this guideline 
is based on qualitative measures and does not take the failure modes of the piers undergoing impact 
into account.  
Older versions of the AASHTO-LRFD specifications (e.g., AASHTO-LRFD 1998) 
recommended designing bridge piers to resist an equivalent 1,780 kN (400 kips) of static force 
when bridge piers are not protected by a crashworthy barrier and are located within a distance of 
10 m (33 ft) to the edge of a roadway.  This 1,780 kN (400 kips) static force should be applied 
1.35 m (4.40 ft) above the ground level (AASHTO-LRFD 1998).  In newer versions of the 
specifications (e.g., AASHTO-LRFD 2012) abutments and piers located within a distance of 9.15 
m (30.00 ft) to the edge of the roadway, or within a distance of 15.25 m (50.00 ft) to the centerline 
of railway track are required to be considered in a collision assessment.  Based on two full-scale 
truck impacts on rigid piers by Buth et al. (2011), AASHTO-LRFD (2012) recommends an 
equivalent static force of 2,670-kN (600 kips) instead of the 1,780 kN (400 kips), which was the 
benchmark reported in earlier versions of the provisions, and this specification must be applied at 
a distance of 1.52 m (5.00 ft) above the ground level. Because of the concern related to vague 
justifications (unclear design intent) for AASHTO-LRFD Specifications, the Minnesota State 
Department of Transportation (DOT), the Bridge Office of Substructure Protection Policy 
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comments that the vehicle collision article of AASHTO-LRFD is overly restrictive because it does 
not include any variation in requirements associated with the probability of vehicle impact. 
Understanding the damage modes of a bridge or its components after the collision is crucial 
for bridge safety assessment and its effect on the local transportation network. Full-scale 
verification of impacts on bridges is difficult because of the high costs associated with such tests 
and logistical problems associated with conducting full-scale tests on bridge structures.  An 
effective alternative is to carry out high-fidelity numerical simulation using test data obtained from 
small tests.  EI-Tawil et al. (2005) simulated two truck models with weights of 14 kN (3,150-lb) 
and 66 kN (15,000-lb) colliding with elastic piers at various approach speeds.  Although finite 
element models of the vehicle in the study included nonlinear material properties, this study 
considered concrete as an elastic material.   
Buth et al. (2010) simulated vehicle impact on round rigid piers of 610 mm (24 in), 915 mm 
(36 in), and 1,220 mm (48 in) diameters.  Buth et al. (2011) conducted two full-scale crash tests 
with a 360 kN (80,000-lb) van-type tractor-trailer impacting an instrumented rigid bridge pier at 
80 kph (50 mph), as shown in Figure 1-5.  Ballast in the trailer consisted of bags of sand on pallets 
distributed throughout the trailer. Analyses of the data indicate that the equivalent static force can 
reach 3,114 kN (700 kips) over a very short time duration (milliseconds).  
 
Figure 1-5: Full-scale crash tests with an 80,000-lb van-type tractor-semitrailer impacting 
an instrumented rigid bridge pier at 50 mph at Texas Transportation Institute. 
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Steel and Sorenson (2014) conducted a first-order, second-moment reliability analysis of 
circular bridge piers subjected to intentional vehicular impact by employing Monte Carlo 
simulation. Five different vehicle classes were used to represent the likely vehicle types to 
participate in the impact event, which was designed to identify the reinforcement area, vehicle 
speed, and vehicle mass as factors that most contributed to the failure of a bridge pier. Sharma et 
al. (2012) investigated a performance-based response evaluation of reinforced concrete columns 
subject to vehicle impact, where the dynamic shear capacity of bridge piers was calculated through 
finite element simulation of the impact of a design vehicle with different speeds.  Their work 
revealed that the dynamic shear capacity depends on the structural properties of piers and their 
loading characteristics (e.g., velocity and inertia), which are higher than the static capacity 
calculated based on codes. Sharma et al. (2014) developed a framework for performance-based 
analysis and the design of RC columns subject to vehicle impact. Their approach involved a 
probabilistic model to estimate the dynamic shear force demand on RC columns subjected to 
vehicular impact and the estimation of the fragility of the columns. 
  Chung et al. (2014) investigated the vehicular impact on precast prefabricated bridge columns 
by developing a five-point piecewise linear approximation function to represent impact loading.  
This loading function was employed to compare the performance of cast-in-place reinforced 
concrete bridge columns and prefabricated bridge columns that were subjected to vehicular 
impacts.  Recent studies by Liu (2012), Agrawal et al. (2013), Chen et al. (2016a), Chen et al. 
(2016b), and Xu (2017) considered the impact of single-unit trucks with a total weight of 
approximately 66 kN (15,000 lb) impacting bridge piers directly.  These studies investigated the 
behavior of bridge piers during vehicular impacts, various damage modes during vehicular impacts, 
and performance guideline for the design of bridge piers against vehicular impacts.  For example, 
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Liu (2012) investigated the impact of a single-unit truck model in LS-DYNA on piers of a three-
span bridge with three-column pier bent. The numerical impact model of the bridge with the truck 
is shown in Figure 1-6.  Based on the numerical simulation of vehicular impact on bridge piers at 
various speeds and six damage mechanisms were identified during the impact of the single-unit  
truck with the bridge piers.  These damage mechanisms are illustrated in Figure 1-7 and include: 
pier erosion, shear at the footing, rebar severance, breakage of the pier, spalling of the pier, and 
plastic hinge formation.  Among these damage mechanisms, shear at the footings, breakage of the 
pier, and plastic hinge formation have the potential to cause severe damage that may lead to 
collapse.  Liu (2012) also presented a preliminary framework for a performance-based design 
approach. However, this approach did not quantify the amount of damage. 
 
Figure 1-6: LS-DYNA model of the bridge with single-unit truck. 
  




An experimental study on impact to anti-ram bollards by a truck was carried out by Chen et al. 
(2015) at Hunan University, China. A Dongfeng EQ140 truck with a net weight of 50 kN (11,400 
lb) was selected to hit five 1,300 mm (4.27 ft) high concrete-filled steel tube columns with an outer 
diameter of 219 mm (8.6 in). The thickness of the steel tube was 20 mm (0.8 in) and 40 Mpa (6 
ksi) concrete was filled in the steel tube. The initial impact velocity of the truck was recorded as 
43.2 kph. The collision truck was directed (i.e. crashed) straight into the middle bollard. As noted 
in Figure 1-8, the truck was damaged severely during the impact. Although the static capacity of 
the bollard was 350 kN (79 kips), which was one-tenth of the average impact force of 3,660 kN 
(822 kips), the columns did not undergo large deformation with a residual displacement of 33 mm 
(1.3 in) with a drift ratio of 2.54%.  
 
©2014 Dr. Yan Xiao 
Figure 1-8: Anti-ram bollard impact field test. 
Abdelkarim and Elgawady (2016a) and Abdelkarim and Elgawady (2017) investigated the 
behavior of reinforced concrete bridge columns that were subjected to vehicle collision through an 
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extensive parametric study to derive an equation for equivalent static force (ESF).  This study 
found that a constant 2,670 kN (600 kips) force prescribed in the AASHTO load and resistance 
factor design was not conservative when the vehicle’s velocity exceeded 75 mph and the vehicle’s 
weight exceeded 134 kN (30 kips).  Abdelkarim and Elgawady (2016b) investigated the behavior 
of hollow-core fiber-reinforced polymer–concrete–steel (HC-FCS) columns, which are used for 
accelerated bridge construction under vehicle collision. HC-FCS columns consist of a concrete 
wall sandwiched between an outer fiber-reinforced polymer (FRP) tube and an inner steel tube.  
Research has shown that the main resistance of the HC-FCS columns to the vehicle collision came 
from the inner steel tube. AuYeung and Alipour (2016) investigated the structural response of 
reinforced concrete bridge piers subjected to vehicle collisions using the single-unit truck model 
offered by the National Crash Analysis Center (NCAC) and the National Transportation Research 
Center (NTRC).  This study demonstrates that a multi-pier bent changes the trend of absorption of 
kinetic energy, failure modes, and distribution of impact forces, especially for lower impact speeds. 
A multi-pier configuration results in higher impact forces but due to higher stiffness, it results in 
low lateral displacements and higher resistance to shear and moment forces. 
1.3 Research Motivation and Needs 
It is noted from the discussion above that a number of research studies have been carried out during 
the last few years regarding the vehicular collision with bridge piers.  However, with the exception 
of the Buth et al. (2011) study, all of these studies focused on vehicle impacts involving single-
unit trucks.  On the other hand, as observed from case studies on truck impacts on bridge piers in 
Buth et al. (2010), the majority of cases involving truck impact on bridge piers are the heavy 
vehicles represented by tractor-semitrailers with 360 kN (80,000 lb) or higher. Buth et al. (2010) 
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investigated 23 bridge-pier collision accidents, where no passenger vehicles were involved, two 
intercity buses were involved, one involved a single-unit truck, and the remaining cases all 
involved tractor-semitrailers. In their study, 18 of the 23 crashes resulted in at least one column 
being severely damaged or completely failing, and all but one of these failures were caused by 
impacts with tractor-semitrailers, with the other one being a single-unit truck. The most notable 
research using tractor-semitrailers (heavy vehicles) was carried out by Buth et al. (2011), where 
they performed two full-scale crash tests of 360 kN tractor-semitrailers crashing into rigid piers. 
Based on the findings from these two tests, AASHTO-LRFD (2012) increased the recommended 
equivalent static force from 1,780 kN (400 kips) to 2,670 kN (600 kips).  However, the current 
provisions still do not account for the dynamic interaction that occurs between the colliding vehicle 
and bridge structure.  More importantly, they do not articulate an impact-resistant performance 
perspective or strategy, nor do they recognize the effects of vehicle characteristics on the 
equivalent static force.  For these reasons, further investigation needs to be carried out to address 
the current limitations of the AASHTO-LRFD specifications for designing bridge piers that can 
withstand impact associated with heavy vehicles.   
1.4 Research Objectives 
The overall objective of this research is to develop comprehensive guidelines for the design of 
bridge piers subjected to collision by heavy vehicles.  Specific objectives include: 
• Development of a comprehensive loading model based on an extensive parametric study 
to represent the effects of tractor-semitrailer impact on bridge piers. 
• Development of performance-based guidelines for the design of bridge piers impacted by 
heavy trucks.  
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• Quantification of performance levels in terms of plastic rotation and shear distortion.  
Detailed work performed towards achieving these objectives is described in the following 
chapters of this dissertation, which is organized in the following manner:  
Chapter 2 describes the calibration of the truck and validation of the concrete model for simulating 
heavy truck collisions with concrete piers. 
Chapter 3 conducts extensive parametric studies on the crash characteristics of the tractor-
semitrailer and impact performance of bridge piers with different sizes and shapes.   
Chapter 4 presents the development of a pulse-loading model to represent the tractor-semitrailer 
impact on a bridge pier. 
Chapter 5 presents the performance-based guidelines, including the quantification of performance 
levels. 
Chapter 6 presents the risk-based decision making for pier design against heavy truck impact.  
Chapter 7 presents conclusions and recommendations for future work.   
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CHAPTER 2 CALIBRATION OF HEAVY TRUCK MODEL AND 
VALIDATION OF PIER MODEL 
2.1 Heavy Truck Model 
The review of literature in Chapter 1 indicates that the majority of computational research on the 
truck-pier collision problem was conducted using the single-unit truck model (e.g., El-Tawil et al. 
2005, Liu 2012, Agrawal et al. 2012, Chen et al. 2016a, Chen et al. 2016b, Xu 2017). However, a 
majority of truck impacts with bridge piers have been caused by loaded tractor-semitrailers 
weighing up to 80,000 lb (Buth et al. 2011). These trucks are categorized as heavy trucks.   
As noted in Chapter 1, Buth et al. (2010) performed a preliminary computational study using 
tractor-semitrailer models.  In their simulations, the piers were modeled as rigid bodies with fixed 
boundary conditions (top and bottom). The heavy truck model employed accounted for elastic-
plastic material behavior of the steel components of the truck.  The cargo (modeled as a single 
ballast) was assumed to be either rigid or deformable.  Because of the rigid column assumption, 
the computational studies in Buth et al. (2010) and experiments carried out in Buth et al. (2011) 
did not provide loading definitions for impacts by heavy vehicles on concrete bridge piers, which 
are deformable and can be damaged during impacts.   
Figure 2-1 shows the heavy truck model used in this study. The tractor-semitrailer model was 
originally developed by Miele et al. (2010) for studying the vehicular impact on barriers and can 
be accessed at FHWA (2018). The heavy truck model is a van-type tractor-semitrailer with 
dimensions of 20 m × 3 m × 4 m and weighs 360 kN, which represents typical truck models, such 
as the 1991 GMC tractor with a 1988 Pines 14.6-m (48-ft) semitrailer, a 1979 International 
TranStar 4200 tractor with a 1977 Pullman van-trailer, and a 1992 Freightliner FLD120 with 
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integral sleeper cabin and 1990 Stoughton box semitrailer (Miele et al. 2010). The model contains 
approximately 472,000 finite elements, including shell, beam, and solid elements for the detailed 
components of the truck model.   
 
Figure 2-1: Finite element model of tractor-semitrailer and bridge pier 
To validate the truck modeling scheme, the original tractor-semitrailer model developed by 
Miele et al. (2010) was modified to match – to the extent possible – the truck used in the Buth et 
al. (2011) tests. The modifications entailed extensive changes to the material models used, changes 
to various failure criteria, remeshing of certain components, modification of the connection 
between various parts, and adding or removing mass to key components to better match the actual 
truck in Buth et al. (2011). Considering that information on the engine’s weight was not available 
from the testing report, the mass of the engine was modeled to match the dry weight of a Detroit 
DD15 14.8 L engine plus 45 quarts of oil with a total weight of 1.43 ton, which is a typical engine 
weight for this class of heavy trucks.  In addition, the ballast of sandbags was modeled using MAT 
5 in LS-DYNA (Hallquist 2006), which has similar properties to that used in the test. Details of 
other changes are outlined in Agrawal et al. (2018).  
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Figure 2-2 shows a comparison between the real truck used in Buth et al. (2011) and the 
modified Miele et al. (2010) truck model. Despite the extensive changes made to the truck model, 
certain differences remain. The most notable of which include: 
• The wheelbase length of the tractor model is 400 mm (16 inches) shorter than the test 
vehicle. 
• The curb weight of the model is 28 kN (6,300 lb) less than that of test vehicle (17% less). 
• The weight of ballast in the model is 29 kN (6,600 lb) greater than that of the test vehicle 
(15% greater).  
The last two points imply that the overall weights of the model and real vehicle are similar.  
The tractor-semitrailer model is the most advanced in its vehicle class because of its 
sophisticated geometric details, physical functions, and the accuracy of its material properties. It 
has been found to be stable during the simulation of impacts with concrete piers.  However, further 
modifications were made to the FEM model to ensure acceptable simulation results. 
 
Figure 2-2: Comparison between the real and finite element truck models: (a) original 




2.1.1 Ground Contact 
In the original truck model, contact was defined between the tires and the ground through the 
command RIGIDWALL_PLANAR. However, the set of slave nodes defined in the rigid wall was 
applied to all nodes in the model, which means all the elements of the simulation and any new 
ones interact with the ground as if it were a rigid support. The generality of the contact specification 
implies that the newly added pier does not interact realistically with the ground (i.e., it is rigidly 
supported in the horizontal direction at the ground plane, which is 0.52 m (1.70 ft) higher than the 
bottom of the pier (Figure 2-3a)). The inaccurate contact disrupts the analysis as shown in Figure 
2-3(b). As noted in Figure 2-3(b), the underground portion of the pier is undeformed, and the shear 
failure plane starts from the ground level instead of the bottom of the pier where fixity actually 
exists. To correct the contact between the ground and pier, the nodes of the pier model are 
exempted from the slave nodal set to the ground in the updated model. Figure 2-3(c) shows the 
damage mode of the pier with corrected ground contact. It is observed that the shear failure plane 
starts from the bottom of the pier (i.e. below ground level) where the fixed boundary condition is 
defined. 
         
Figure 2-3: Ground contact issue during LS-DYNA simulation: (a) FE model setup; (b) 
original ground contact; (c) corrected ground contact. 
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2.1.2 Sharp Edges in Engine 
Based on the work by Ray et al. (2018), it was noted that engine impact delivers the highest force 
to the pier.  However, the engine geometry isn’t regular (Figure 2-4) and one of its parts (radiator) 
that comes in contact with the pier has a sharp edge. The sharp edge bears against the inter-element 
boundary of some of the pier’s elements. Since these elements are underintegrated, the high contact 
force at the inter-element boundary promoted severe hourglassing in the pier, which represented 
nonphysical modes of deformation and should be mitigated.  
 
Figure 2-4: Sharp engine corner.  
To reduce the occurrence of hourglassing, the engine cover was made softer in an effort to 
reduce the local contact force and stave off hourglassing. The thickness of the shell element of the 
engine cover part was reduced to 40 percent of its original value, while its density was increased 
accordingly to ensure the same mass. This modification eliminated any discernable hourglassing.  
The updated model, which incorporate the two modifications noted above, was adopted for 
subsequent simulations of tractor-semitrailer impacts with bridge piers. 
The truck in the full-scale test performed by Buth et al. (2011) traveled at 80 kph (50 mph) and 
collided head-on with a rigid column. Figure 2-5(a) shows the deformed truck when its engine 
reaches the pier, while Figure 2-5(b) shows the simulation at the corresponding instant. The 
reaction force time histories are shown in Figure 2-6. The results in Figure 2-6 (both experimental 
and computational) were averaged over a moving 25-ms window. The peak 25-ms force was used 
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to estimate the equivalent static force demand from the transient test data in Buth et al. (2011). To 
validate the truck model and ensure consistency with the experimental data, the same moving filter 
was used to process the computational data. It is clear from Figure 2-6 that the engine generated 
an experimental spike of 2,400 kN (539 kips) and a corresponding computational spike of 2,450 
kN (550 kips). This translates to an approximately 2% difference. Considering the complexity of 
the impact test, peak forces during the test and simulation related to engine impact are considered 
to be in very good agreement.  
 
Figure 2-5: Engine impact with the rigid steel pier during: (a) field testing (Buth et al. 
2011); (b) simulation 
As the impact event unfolded, the trailer eventually reached the column generating another 
spike in the reaction force.  Figure 2-7 compares the trailer-impact scenario during the test and the 
simulation. It is clear from Figure 2-7 that the tractor was completely squeezed and totally 
destroyed by the oncoming trailer. As with engine impact, the damage mode and deformations of 
the truck model are similar to those observed from the simulation results. As shown in Figure 2-6, 
the peak reaction force caused by the trailer measured during the test was 2,140 kN (481 kips), 
whereas the computed peak force was 2,229 kN (501 kips), which also represents a reasonably 
close comparison. Overall, the computational and experimental results show that the modified 
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finite element model of the tractor-semitrailer is capable of simulating reasonably well the 
observed behavior of the truck crashing into a rigid pier.   
 
 
Figure 2-6: Comparison between the reaction force time histories from the test and 
simulation 
Since the objective of this study is to study the dynamic characteristics of truck impact and its 
effect on a concrete bridge pier, the 25-ms moving filter scheme mentioned earlier was deemed 
inappropriate. Instead, all time histories presented thereafter were processed via an SAE filter 
(SAE 1995) with a 60 Hz cutoff frequency. SAE filtering removes the extremely short duration 
spikes associated with high-frequency vibration, while it maintains the dynamic nature of the 





Figure 2-7: Trailer impact with the rigid steel pier during: (a) field testing (Buth et al. 
2011); (b) simulation 
2.2 Validation of Pier Model 
The models used in this work were validated by the author in multiple prior publications, including 
Agrawal et al. (2018), Xu et al. (2019), and Cao et al. (2019a, 2019b). The validation exercises 
evaluated truck behavior and the reinforced concrete (RC) modeling scheme against experimental 
data. For the sake of brevity, these validation studies are not repeated here and can be found in the 
mentioned references.  
In the previous studies, three calibration parameters in the MAT 159 material model were 
deemed important and found to have a substantial influence on the predicted failure modes: 
fracture energy in pure shear (Gfs), uniaxial compression (Gfc), and tension (Gft). Extensive studies 
revealed that the optimal calibration values are 0.4, 1.0, and 0.4 times the default values of Gfs, Gfc, 
and Gft, respectively. Xu et al. (2019) demonstrated that these parameters worked well when the 
structural behavior was primarily flexural.   
Further validation was also sought at this point to show that the calibrated concrete model 
could also accurately capture shear failure under impact loading. Figure 2-8 compares the shear 
damage mode of a tested beam in a drop-hammer test by Kishi et al. (2002). It is clear that a good 
comparison between test and simulation results was achieved. Figure 2-9 shows that good 
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comparisons were also obtained between test and simulation data for the impact force and mid -
span displacement time histories.  
No stirrups were used in the impact beam by Kishi et al. (2002). Hence, to better demonstrate 
the model’s capability for capturing shear failure in a steel-reinforced member, another drop 
hammer test by Bhatti et al. (2009) was used. The tested beams in the Bhatti et al. (2009) study 
had stirrups and failed in shear.  Figure 2-10 and Figure 2-11 show the comparison of the damage 
mode and time histories of the impact responses between the experiment and simulations. It can 
be seen that the simulation results match the experimental results reasonably well, providing 
confidence in the modeling methodology.  
 
Figure 2-8: Damage mode of the impacted beam: (a) test results (Kishi et al. 2002); (b) 
simulation results 
  





Figure 2-10: Damage mode of the impacted beam: (a) test results (Bhatti et al. 2009); (b) 
simulation results 
  
Figure 2-11: Time history response of the beam (Bhatti et al. 2009): (a) impact force; (b) 
mid-span displacement 
2.3 Axial Loading Effect 
The axial loading from the superstructure was not applied to the pier model in this study because 
it is believed to increase the resistance of the pier against the truck impact. Figure 2-12 shows the 
damage mode of a 610 mm (24in) pier-bent impacted by a 48-kph (30-mph) heavy truck impact 
under different levels of axial loading. In Figure 2-12, the amount of damage to the pier was 
significantly decreased as the axial loading increased from 0 to 1,780 kN. Figure 2-13(a) also plots 
displacement time histories of the piers under a 48 kph impact with different levels of axial loading. 
It can be seen from Figure 2-13(a) that the displacement of the pier was reduced due to the 
additional axial loading. Similar effects of the axial loading have been seen for a 64-kph impact, 
as shown in Figure 2-13(b).  
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Based on the results shown in Figure 2-12 and Figure 2-13, ignoring axial loading in the truck 
impact simulations could be considered conservative for the pier design, and no axial loading was 
applied in the following simulations of this study.  
 
Figure 2-12: Damage mode comparison of piers under different levels of axial loading at 48 
kph and weight of 360 kN: (a) zero; (b) 890 kN; (c) 1,780 kN  
  
Figure 2-13: Time-history response of the pier under different levels of axial loading (a) 48 
kph-360 kN; (b) 64 kph-360 kN 
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2.4 Boundary Conditions 
Extensive sensitivity studies in Xu (2017) and Agrawal et al. (2018) have shown that the bridge 
structural system could be simplified into a more tractable model, as shown in Figure 2-1, where 
the truck impacts just a single pier that is fixed both at the top and bottom. The behavior of fixed-
fixed piers under truck impact forces has been observed in several accidents documented in Buth 
et al. (2010). For example, Figure 2-14 shows two accidents where the top beam (or entire 
superstructure in the I-45 case) could be strong enough to generate sufficient fixity at the top. Also, 
stiff boundary condition will lead to a conservative estimate of the required shear capacity at the 
supports. The objective of this study was to study the impact behavior of bridge piers with different 
pier sizes and rebar detailing. However, different pier sizes may result in different superstructure 
designs, such as bearings and cap beams, which would significantly increase the complexity and 
uncertainty of the modeling. As such and to better control the simulation variables and simplify 
the problem, the model setup in Figure 2-1 was adopted for the parametric studies in this work.  
 
Figure 2-14: Photos of truck collision with bridge piers: (a) I-45 bridge, Texas (Source: 
FHWA); (b) I-10 bridge, Texas (Source: Aggregate Technologies 2019) 
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2.5 Impact Angle 
Figure 2-15(a) shows the impact force time histories of the V113-W360 truck collided with S900 
pier in three different angles: 0 degree (front impact), 15 degrees, and 25 degrees. It can be seen 
from Figure 2-15(a) that the front impact delivered the highest peak force compared with the other 
two inclined impacts. In Figure 2-15(b), the front impact also caused larger displacements of the 
pier compared with those by 15-degree impact and 25-degree impact.  Therefore, this study 
primarily focused on the impact response of bridge piers subject to front impact, which was found 
to be conservative when compared with inclined impacts.   
  
Figure 2-15: Impact response of S900 pier subject to V113-W360 impact in different 
angles: (a) impact force; (b) displacement of the pier 
2.6 Summary 
The truck model represented a 360-kN tractor-semitrailer and was validated against a field test. 
The overall modeling scheme was further validated against impact test data in the literature. 
Simulation results have shown that the truck behavior and the damage to the concrete during the 
collision matched the testing results reasonably well. Results also indicated that the axial loading 
applied to the bridge pier generally improved the impact performance of the pier, and the axial 
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loading effect was not considered in this study for conservative design. Front impact was found to 
be the most severe scenario of truck collision with bridge piers. Hence, the following studies 
primarily focused on the front impact between truck and bridge piers.   
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CHAPTER 3 PARAMETRIC STUDY 
The handful of tests that were conducted to study heavy truck collision employed rigid piers, which 
means that the energy absorption potential of the piers and their failure mechanisms were neglected. 
In this chapter, validated, high-fidelity, finite element simulations of collisions between heavy 
trucks and reinforced concrete bridge piers have been conducted to investigate the forces imposed 
upon and damage modes of concrete piers. Trucks with three different weights and piers with six 
different configurations were used in the simulations. The approach speeds for the trucks range 
from 48 to 113 kph. The simulation results show that impact from the engine block usually delivers 
the highest peak force, which is closely associated with the impact velocity of the vehicle. Once 
the pier’s resistance is compromised by this event, the subsequent trailer impact, which has a lower 
force demand but longer duration, causes further significant damage or even destroys the pier. The 
current provisions regarding vehicular impact demand in AASHTO are critiqued based on the 
results of parametric simulations using the heavy truck model.   
The column shown in Figure 2-1 was 4,900 mm tall, which represented the clear height of a 
typical bent in the U.S. Six pier cross-sections (designated S800, S900, S1100, C800, C900, and 
C1100) were used in this work, as shown in Table 3-1, where S800 is indicative of a square pier 
with a side length of 800 mm and C800 is indicative of a circular pier with a diameter of 800 mm. 
The different square piers represent prototypes adopted from Liu (2012) that were designed for 
different seismic zones in the U.S. The bar reinforcement for circular piers was based on that used 
in Buth et al. (2010). Section details of the piers are shown in Figure 3-1. To facilitate the 
discussion of simulation results, a unique descriptive name has been given to each case of 
simulation. For example, P-V-W, where P is the pier case (cases S800, S900, S1100, C800, C900, 
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and C1100 as outlined in Table 3-1), V is the impact velocity, while the third term is the truck 
weight (180 kN, 270 kN or 360 kN).  
Table 3-1: Geometry and reinforcement arrangement of piers in the example bridges 







( 610 N) 
S800 800  
 
#10 (32 mm) 
4×4 configuration 
#3 (10 mm) 
300 mm Spacing 
0.92 
S900 900  
 
#11 (36 mm) 
4×4 configuration 
#3 (10 mm) 
300 mm Spacing 
1.25 
S1100 1,100  
 
#14 (43 mm) 
4×4 configuration 
#4 (13 mm) 
300 mm Spacing 
1.97 
C800 800  
 
8×#9 (29 mm) 
 
#3 (10 mm) 
150 mm Spacing 
0.73 
C900 900  
 
8×#9 (29 mm) 
 
#3 (10 mm) 
150 mm Spacing 
1.00 
C1100 1,100  
 
8×#14 (43 mm) 
 
#4 (13 mm) 




Figure 3-1: Cross section configuration of the six sample bridge piers: (a) S800; (b) S900; 




3.1 Progression of Collision 
Figure 3-2 shows the simulations of cases S900-V80-W360 and S900-V113-W360. The figures 
clearly depict the severity of the crashes. A more detailed illustration of the pier’s behavior during 
the impact can be seen in Figure 3-3 and Figure 3-4, which show the impact force time histories 
(Figure 3-3a and Figure 3-4a) and displacement time histories of a point in the impact zone (Figure 
3-3b and Figure 3-4b). Figure 3-2(a) shows that the pier remained almost elastic after the bumper 
impact. Engine impact also caused minor damage to the pier and generated a peak displacement 
of 4.5 mm. As shown in Figure 3-2(a), the crash was considered mild based on the fact that the 
trailer was arrested before it reached the pier. As a result, Figure 3-3(a) shows that there were only 
two spikes in the force response, one associated with the bumper and another with the engine. In 
this case, the pier was able to successfully resist the truck’s impact and did not collapse, although 
it suffered a small residual deformation of 2.5 mm.  
Figure 3-2(b) shows the impact behavior of the second case, where the impact speed was 
relatively higher (113 kph). In Figure 3-2(b), both the pier and truck suffered more damage as the 
crash progressed. Similar to S900-V80-W360, the initial impact by the bumper did not cause much 
damage to the pier. However, unlike the S900-V80-W360 case, the engine impact significantly 
damaged the pier causing rebar yielding and shear cracking at the pier bottom. Trailer impact also 
led to high demands, and eventually led to pier failure. The demands from these three events 
(bumper, engine, and trailer impacts) are shown in Figure 3-4(a). The effect of these events can 
also be seen in Figure 3-4(b), which shows sharp increases in displacement response following 
successive impacts by the bumper, engine, and trailer. The trailer impact is particularly noteworthy 




Figure 3-2: Progression of collision between tractor-semitrailer and bridge pier: (a) S900-
V80-W360; (b) S900-V113-W360 
 




Figure 3-4: Time history of impact force and displacement of case S900-V113-W360 
The evolution of various energy quantities for case S900-V113-W360 and S900-V80-W360 
are shown in Figure 3-5, where the sliding energy (lost to friction) and other minor energy terms 
are not shown. It is clear that the total energy was stable throughout the analysis. In addition, the 
hourglass energy ratio was low, which indicated that hourglass effects were minimal (Zaouk et al. 
1996). A close examination of the finite element results also confirmed that there were no locally 
rampant hourglass effects. Combined with the validation study, the conservation of the overall 
energy, low hourglass energy, and low hourglass effects provide confidence that relatively high-





Figure 3-5: Evolution of various energy quantities for two selected cases: (a) S900-V80-
W360; (b) S900-V113-W360 
3.2 Load Application 
Figure 3-6 shows a contour plot of the impact force along the height of the pier for case S900-
V80-W360.  It is clear from Figure 3-6 that there were three impact zones: (i) the first one, between 
200 mm to 500 mm above the ground, was associated with bumper impact, (ii) the second one, 
between 800 mm to 1,300 mm above the ground, was due to engine impact and (iii) the third one, 
between 200 mm to 500 mm above the ground, as a result of the trailer impact. The trailer impact 
force was found to be close to the ground because it is primarily transmitted through the chassis 
beams of the tractor, which progressively buckle as the trailer pushes towards the pier. Similar 
characteristics and trends were observed in other impact scenarios, where the truck speed ranges 




Figure 3-6: Contours of impact force distribution along the height of the pier for S900-V80-
W360 (unit: N/mm) 
3.3 Effect of Velocity and Weight of the Truck on the Demand 
Figure 3-7 shows the impact force time histories for a 360-kN tractor-semitrailer impacting S900 
and C900 piers at different velocities, ranging from 48 kph to 113 kph. From the simulations 
conducted in this study, the engine impact (the second peak) was found to deliver the highest peak 
force. In Figure 3-7, as the impact speed increased from 48 kph to 113 kph, the highest peak force 
increased from 3.0×106 N to 7.5×106 N for the S900 pier and from 2.5×106 N to 8.0×106 N for the 
C900 pier.  
The effects of truck weight on the force time histories are shown in Figure 3-8, where the 
weight of the truck varied from 180 kN to 360 kN. The simulations were performed for the S900 
pier impacted by trucks approaching at 97 kph and 113 kph. Changes in overall truck weight were 
modeled by modifying the density of the cargo. Obviously, the engine weight could not be changed, 
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since that would have signified a different truck model. In Figure 3-8(a), the trailer impact force 
increased from 2.5×106 N to 4.0×106 N as the weight of the tractor-semitrailer increased from 180 
kN to 360 kN when the impact velocity was 113 kph. As expected, the impact forces generated by 
the bumper and engine were relatively constant, even when the weight of the cargo varied because 
the weights and characteristics of those components were not changed. Figure 3-8(b) shows a 
similar trend compared to that seen in Figure 3-8(a). 
 
Figure 3-7: Impact force time histories for 360-kN tractor-semitrailer at various speeds: (a) 
S900; (b) C900 
3.4 Effect of Pier Properties on the Demand 
Figure 3-9 shows the force time histories for case V113-W360 when the truck collided with piers 
of different sizes and shapes. Both square piers and circular piers were considered in this study 
with pier size ranging from 800 mm to 1,100 mm. In Figure 3-9(a), the bumper force increased 
slightly as the square pier size increased. This is attributed to the fact that larger piers engage more 
of the bumper during the collision, thus mobilizing greater resistance. Similar trends are seen for 




Figure 3-8: Force time histories for S900 pier impacted by trucks with various weights: (a) 
impact velocity of 113 kph; (b) impact velocity of 97 kph 
The peak engine impact forces for the different piers do not vary much for the square piers 
(Figure 3-9a), and the maximum difference is around 4%. In Figure 3-9(b), however, it can be seen 
that the C800 pier attracted 10% less engine impact force than C1100. This is because the C800 
pier was severely damaged by the bumper/engine impact (Figure 3-10a) and failed much earlier 
than the larger piers. The peak demands from C900 and C1100 were similar, and the maximum 
difference was around 4%. 
It is clear from Figure 3-9(b) that larger circular piers increased the peak impact forces 
associated with the trailer. Similar behavior can also be seen in Figure 3-9(a) for square piers. The 
main reason for this trend is that the smaller piers with lower shear capacity suffered more initial 
damage due to the bumper/engine impact, thereby compromising their stiffness and subsequent 
capacity to withstand higher forces during trailer impact. Figure 3-10 shows the deformed shapes 
and damage contours caused by bumper/engine impact for circular piers of various sizes impacted 
by a 360 kN vehicle approaching at a speed of 113 kph.  
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Figure 3-11 shows the relationship between the peak engine impact forces versus approach 
velocity for the 360 kN truck. The results being compared in Figure 3-11 are those for the 900-
mm square and circular piers. It is clear from Figure 3-11 that the peak impact forces for both piers 
appeared to increase almost linearly with an increase in the impact velocity of the truck. It is also 
evident that the peak values did not seem to vary much with cross-section type.  
Figure 3-12 shows the impact time history for S1100 piers with different heights, ranging from 
4,900 mm to 7,300 mm, collided with V113-W360 trucks. It can be seen from Figure 3-12 that the 
impact demands for piers with different lengths do not change significantly. The maximum 
difference in the peak force was around 4%. Therefore, pier height was not considered as a 
controlling factor in the demand model that will be introduced later in this dissertation.        
 
Figure 3-9: Force time history for V113-W360 impacting different pier sizes: (a) square 




Figure 3-10: Damage mode of piers with various sizes caused by bumper/engine impact: (a) 
C800-V113-W360; (b) C900-V113-W360; (c) C1100-V113-W360 
 




Figure 3-12: Impact force time history for V113-W360 impacting S1100 piers with different 
heights 
3.5 Damage Modes  
Figure 3-13 shows the deformed shapes and damage contours of S800 piers subjected to impact 
by a 360-kN truck approaching at various speeds. The increase in crash severity with approach 
speed is evident, where, with increasing speed, the amount of damage grew from minor spalling 
of the concrete (Figure 3-13a,b) to severe shear cracking at the bottom of the pier (Figure 3-13c,d), 
and it eventually totally collapsed (Figure 3-13e). The displacement time histories at the impact 
point for each case are shown in Figure 3-14. In Figure 3-14, the peak deformations of the piers 
show commensurate growth with increasing approach speeds. For example, the peak displacement 
increased from 4 mm to a value well over 50 mm as the impact velocity increased from 48 kph to 





Figure 3-13: Deformed shape and damage contours of S800 piers for 360-kN truck impact 
with various approach speeds: (a) 48 kph; (b) 64 kph; (c) 80 kph; (d) 97 kph; (e) 113 kph 
 





Figure 3-15: Damage mode of piers with different sizes under V113-W360 truck impact: (a) 
S800; (b) S900; (c) S1100 
The progression of the damage in Figure 3-13 indicates that the failure of the pier was primarily 
due to excessive shear demands at the bottom of the pier. This type of failure mode has been 
commonly seen in actual truck-pier accidents, as documented in Buth et al. (2010) and Agrawal et 
al. (2018). Obviously, severe damage can be mitigated by increasing the pier size. For example, as 
seen in Figure 3-15, it is clear that the S800 pier is destroyed by a 360 kN truck approaching at  a 
speed of 113 kph, while the S1100 pier suffers only minor spalling at that same speed. 
3.6 Critique of AASHTO-LRFD (2017) Provisions 
The simulation results in this study present a unique opportunity to critique the AASHTO-LRFD 
(2017) guidelines. As noted earlier, the specifications require that unprotected bridge piers should 
be designed to resist an equivalent static force of 2,670 kN. The force is applied in a direction 
between zero and fifteen degrees oriented with respect to the edge of the pavement in a horizontal 
plane at a height of 1.52 m above the ground.  
Figure 3-16 shows the impact force time histories for S1100-V80-W360 and S1100-V113-
W360. Also plotted on the figures are the AASHTO design force requirement. Clearly, the 
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computed peak forces are well in excess of the AASHTO demand. However, that is expected given 
that the forces applied by the truck are transient and of short duration. Also plotted in Figure 3-16 
are the force time histories averaged over a moving 25-ms window. As mentioned earlier, the peak 
25-ms force has been used to estimate the equivalent static force demand from transient data, e.g., 
as done in Buth et al. (2011). The plot in Figure 3-16(a) indicates that the peak 25-ms force is 30% 
larger than the design demand for an approach speed of 80 kph and a weight of 360 kN.  
An examination of Figure 3-16(b), which has an approach speed of 113 kph, indicates that the 
25-ms data substantially exceeded the design demand (i.e., it was 80% more). This is troublesome 
because trucks are likely to travel at the highest permissible speed, which is around 113 kph in 
many U.S. States, not the 80 kph used in the Buth et al. (2011) crash scenario. The implication is 
that the current AASHTO-LRFD (2017) design load might not be conservative enough for feasible 
crash scenarios. Moreover, the peak force from the trailer is substantial and close to the highest 
load (around 80%) caused by the engine, unlike the 80 kph scenario, where the trailer impact force 
is only 30% of the highest load. As noted earlier, trailer loading is delivered closer to the ground 
than engine loading and much lower than the 1.52 m height specified in AASHTO-LRFD (2017). 
Furthermore, the 25-ms average data has three waves, which means that the sequence of load 
application could play a considerable role in how the damage initiates and evolves during the 
impact event. The last two points were not taken into consideration in current design guidelines.  
Two other significant limitations of the AASHTO-LRFD (2017) guidelines are important to 
note. The impact force is not applied at a constant height as noted in AASHTO, but rather, it is 
delivered at three separate heights (related to bumper, engine, and trailer) with widely differing 
intensities. Second, and most importantly, the design intent of the guidelines is not clear. Do the 
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specifications imply that a pier designed for the equivalent static demand will survive an impact 
event? If so, in what condition will it be in?  
The limitations identified above suggest that the current guidelines need to be updated and 
formatted into a performance-based approach that accurately captures the demand characteristics 
and articulates a meaningful philosophy for pier performance.   
 
Figure 3-16: Time history of impact force for different impact speeds: (a) S1100-V80-
W360; (b) S1100-V113-W360 
3.7 Summary 
The validated modeling scheme was used to develop detailed insight into the crash process.  Three 
main sources of impact demand were identified: bumper, engine, and trailer. Each was shown to 
deliver a spike in the applied impact force. The simulation results showed that impact from the 
engine block usually resulted in the highest peak force, which was closely associated with the 
impact velocity of the vehicle. The trailer’s peak demands were shown to be profoundly affected 
by the truck’s weight, approach speed , and pier size. Unlike the engine demand, which has a short 
duration, the trailer demand is applied over a much longer period, making it particularly influential 
with respect to the structural demands of the pier.  It was noted that once the pier’s resistance was 
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compromised by the initial engine impact, the subsequent trailer impact created further significant 
damage, and in extreme cases, destroyed the pier. Shear failure was found to be the typical failure 
mode of the bridge pier, as was observed in numerous actual accidents. 
The provisions regarding vehicular impact demand in the AASHTO-LRFD (2017) provisions 
were critiqued based on the simulation results. Several drawbacks were identified including: 1) the 
demands could be underestimated for trucks moving at speeds in excess of 80 kph; 2) the location 
of applied loading in the provisions did not match that seen in the simulation; 3) the provisions 
assume application of a single static load, whereas the simulation results showed that the results 
were transient and applied predominantly over three different heights (associated with bumper, 
engine and trailer impact) with different intensities; 4) the application of multiple impact loads 
could create load sequence effects that are not considered in the provisions; and 5) the provisions 
did not have a clear design philosophy. This suggested that the current guidelines could be cast 
into a performance-based approach that explicitly addresses impact demand and pier performance.    
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CHAPTER 4 LOAD MODEL AND CAPACITY DESIGN 
The current AASHTO-LRFD (2017) specifications recommend designing a bridge pier vulnerable 
to vehicular impacts for a static force of 2,670 kN applied to the pier at a specified height. However, 
the impact load delivered by a heavy truck is dynamic and not applied at a single height during the 
crash process. High-fidelity computational simulation was used to gain insight into how force is 
delivered to a bridge pier during a crash. The impact force time histories generated during a 
collision were simplified into a series of triangular pulse functions applied at various heights. Key 
parameters defining the pulse models were truck weight, approach speed, and pier size. The values 
of these parameters were derived from numerical regression based on the simulation results. By 
comparing pier damage modes and deformation profiles, the proposed pulse model was shown to 
accurately represent the truck impact demands. A capacity design philosophy was proposed to 
mitigate the effects of shear failure. It was shown that piers designed according to the proposed 
philosophy are less likely to fail in shear compared with regular piers.  
4.1 Simplified Pulse Model for Tractor-semitrailer with Deformable Cargo 
4.1.1 Square Pier 
Figure 4-1 shows the impact force time history for case S900-V80-W360. Three distinct peaks 
were shown in the force time history. The first was due to bumper impact. The second was caused 
by engine impact, and the third was related to trailer impact. Similar trends were also observed in 
other impact scenarios considered in this work. Based on this observation, the force time history 
was adequately represented by a three-triangle pulse, as shown in Figure 4-1. The proposed pulse 
model consists of 10 parameters: 5 parameters for peak forces and 5 parameters for the 
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corresponding time of application of the peak forces. Loading starts at time t = 0.0 s and ends at 
time t = 0.8 s.  
An extensive parametric study was carried out to calibrate the pulse model and identify its 
main parameters. The most influential variables turned out to be pier dimension, impact speed, and 
truck weight.  In the parametric study, the truck velocity was varied between 48 kph and 113 kph. 
The truck weights considered were 180 kN, 270 kN, and 360 kN, which are common weights for 
tractor-semitrailers. The physical dimensions of the pier were varied , as shown in Table 4-1. 
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Figure 4-1: Time history of impact force and proposed triangular pulse model 
Based on an analysis of the contact force time histories for the various truck/pier combinations, 
the proposed pulse loading in Figure 4-1 was found to consist of three distinct pulses. The 
individual pulses are denoted Pulse1, Pulse2, and Pulse3 and were applied as pressure time histories 
(i.e., impact force divided by the area of the impact zone versus time) on three zones, as illustrated 
in Figure 4-2. The three pulses were associated with sequential impacts from the bumper, engine, 
and trailer. The heights above the ground surface for these pulses were identified through a trial 
and error process from the parametric simulations. Detailed analysis of the loading characteristics  




Figure 4-2: Application of the pulse model (height in mm) 
4.1.2 Circular Pier 
The pulse model presented above for square piers can also be applied to circular piers by changing 
the distribution of the loading on the pier. For a square pier, the pulse was applied uniformly across 
the width of the pier (on a strip). However, when the truck impacts the circular pier, only part of 
the pier width will be in contact with the truck.  Thus, the proposed pulse model was only applied 
to a part of the pier width with a non-uniform stress distribution.  
Based on a number of numerical simulations and calibrations, a reasonable distribution of the 
forces along the surface is shown in Figure 4-3. The impact forces were applied horizontally at the 
nodes of the pier. It was observed from the illustration in Figure 4-3(a) that the loads were applied 
on 25% of the perimeter, and the magnitude of the force decreased from the center to the edge of 
the pier. The detailed distribution of the forces along the contact area is shown in Figure 4-3(b). 
Heights for the application of the loading pattern were assumed to be the same as those for the 




Figure 4-3: Distribution of pulse model for the circular pier: (a) distribution of nodal forces 
around the surface of the pier; (b) distribution of force magnitude versus angle 
4.1.3 Calibration of Pulse Equation Parameters 
Based on the simulation results, a general equation for the peak forces (F1 to F5) in the three 
triangular pulses in Figure 4-1 was derived, as shown in Equation (4-1). The format of Equation 
(4-1) is similar to the one used for vessel collision demands in AASHTO-LRFD (2017). It is 
applicable to both square and circular piers.  








                              (4-1) 
where, Fi, i = 1, …5 are peak forces. In Equation (4-1), , ,  and  are regression parameters, V 
is the truck impact velocity (kph), W is the truck weight (kN), and b is the pier width (mm). 
Nonlinear optimization was performed using the nonlinear least squares regression method to 
derive the specific equations in the general form of Equation (4-1). Similarly, time instants T1 to 
T5 were also derived through nonlinear regression in the same form of Equation (4-1). The 
regression parameters for pulse parameters F1 to F5 and T1 to T5 are listed in Table 4-2. The sample 
size for the nonlinear regression is 45 cases. The sample considers five velocities ranging from 48 
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kph to 113 kph, three truck weights ranging from 180 kN to 360 kN, and three piers with different 
sizes. 
Table 4-2: Regression parameters of pulse equations 
 α β γ ε 
F1 3.78×105 0.52 0.00 0.33 
F2 1.81×105 0.51 0.00 -0.84 
F3 8.37×104 0.95 0.00 0.00 
F4 8.14×103 1.08 0.00 -0.75 
F5 25.37 1.77 0.61 1.14 
T1 0.41 -0.86 0.00 0.00 
T2 2.43 -1.09 0.00 0.64 
T3 1.62 -0.93 0.00 0.00 
T4 4.76 -1.05 0.00 -1.21 
T5 0.22 0.00 0.00 0.00 
It should be noted that the engine usually causes the highest peak force. The subsequent trailer 
impact has a lower force amplitude, but it has a longer duration (as shown in Chapter 3). It was 
observed in multiple simulations that engine impact usually causes initial damage to the column, 
which degrades its capacity. The subsequent trailer impact, with its lower force but longer duration, 
then causes more damage or can even destroy the pier in some cases. Thus, the peak forces caused 
by the engine impact and trailer impact were found to affect the amount of damage and should be 
considered in designing piers to have sufficient resistance to the heavy truck impact.   
Figure 4-4 and Figure 4-5 show comparisons between the engine and trailer peak impact forces 
as computed from the truck simulations and Equation (4-1) for S900 piers and C1100 piers, 
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respectively. The comparisons are deemed acceptable considering the complexity of the vehicular 
collision process and the simplicity of the proposed pulse equations. It should be noted that, as 
with any simplified model, these equations are deemed valid only for the tractor-semitrailer model 
used and for the range of parameters (truck weights, velocities and pier sizes) considered in this 
work. However, the tractor-semitrailer model studied is a common one and the range of parameters 
considered is broad enough to cover a wide range of plausible design scenarios. Detailed 
comparisons of other force parameters can be found in Table 4-3.  
   
 
Figure 4-4: Comparison between simulation results and Equation (4-1) for S900 piers: (a) 




Figure 4-5: Comparison between simulation results and Equation (4-1) for C1100 piers: (a) 





































2860 2638 1437 1526 2900 3349 761 614 747 694 
S800_V64_W3
60 
3069 3060 1579 1770 4319 4404 850 841 1099 1152 
S800_V80_W3
60 
3598 3434 2162 1984 5338 5444 916 1072 1699 1708 
S800_V97_W3
60 
3901 3772 2242 2175 6201 6476 850 1303 2429 2357 
S800_V113_W
360 
4119 4083 2562 2353 7370 7499 1499 1539 3011 3096 
S800_V48_W2
70 
2878 2638 1468 1526 2500 3349 712 614 498 583 
S800_V64_W2
70 
3060 3060 1841 1770 4359 4404 890 841 1001 965 
S800_V80_W2
70 
3598 3434 1779 1984 5551 5444 1201 1072 1499 1437 
S800_V97_W2
70 
3861 3772 2148 2175 6298 6476 1183 1303 2002 1979 
S800_V113_W
270 
4101 4083 2575 2353 7099 7499 1517 1539 2602 2602 
S800_V48_W1
80 
2900 2638 1414 1526 2998 3349 623 614 400 454 
S800_V64_W1
80 
3038 3060 1868 1770 3759 4404 596 841 774 756 
S800_V80_W1
80 
3469 3434 2139 1984 5738 5444 1174 1072 1201 1121 
S800_V97_W1
80 
3999 3772 2117 2175 6499 6476 1388 1303 1499 1548 
S800_V113_W
180 
4101 4083 2584 2353 7201 7499 1459 1539 2002 2033 
S900_V48_W3
60 
2700 2802 1419 1308 3029 3349 765 538 1099 854 
S900_V64_W3
60 
3038 3251 1481 1517 4141 4404 1121 734 1650 1419 
S900_V80_W3
60 
3452 3647 1708 1699 6000 5444 1112 934 2139 2104 
S900_V97_W3
60 
3999 4003 1748 1864 6499 6476 1050 1139 2998 2905 
S900_V113_W
360 
4501 4337 1930 2019 7401 7499 1290 1343 3429 3816 
S900_V48_W2
70 
2562 2802 1637 1308 2691 3349 667 538 747 716 
S900_V64_W2
70 





3340 3647 1779 1699 5796 5444 1156 934 2059 1766 
S900_V97_W2
70 
4003 4003 1735 1864 6499 6476 1214 1139 2135 2438 
S900_V113_W
270 
4497 4337 2162 2019 6579 7499 1441 1343 2998 3203 
S900_V48_W1
80 
2669 2802 1495 1308 2580 3349 734 538 498 560 
S900_V64_W1
80 
3034 3251 1566 1517 3914 4404 890 734 600 930 
S900_V80_W1
80 
3429 3647 1588 1699 5698 5444 756 934 1499 1379 
S900_V97_W1
80 
4092 4003 1735 1864 6401 6476 850 1139 1801 1908 
S900_V113_W
180 
4488 4337 1855 2019 7384 7499 1317 1343 2500 2504 
S1100_V48_W
360 
2771 2949 1499 1148 2802 3349 578 480 1170 1019 
S1100_V64_W
360 
2998 3421 1726 1330 5200 4404 974 654 1499 1690 
S1100_V80_W
360 
3598 3839 1997 1490 6067 5444 1023 832 2002 2509 
S1100_V97_W
360 
4128 4212 2309 1637 6672 6476 1334 1014 3438 3465 
S1100_V113_
W360 
4501 4564 2099 1775 7117 7499 1334 1201 4501 4550 
S1100_V48_W
270 
2771 2949 1272 1148 2700 3349 645 480 1001 854 
S1100_V64_W
270 
2878 3421 1721 1330 4697 4404 890 654 1401 1419 
S1100_V80_W
270 
3598 3839 2091 1490 5996 5444 1068 832 2002 2108 
S1100_V97_W
270 
4141 4212 2335 1637 6361 6476 1357 1014 3367 2909 
S1100_V113_
W270 
4501 4564 2091 1775 7099 7499 939 1201 3999 3821 
S1100_V48_W
180 
2771 2949 1379 1148 2402 3349 609 480 498 667 
S1100_V64_W
180 
2878 3421 1779 1330 5186 4404 890 654 1001 1112 
S1100_V80_W
180 
3598 3839 2091 1490 5698 5444 890 832 1041 1646 
S1100_V97_W
180 
4003 4212 2180 1637 6601 6476 801 1014 2669 2273 
S1100_V113_
W180 
4501 4564 2847 1775 6699 7499 1383 1201 3501 2985 




4.2 Modified Pulse Model for Tractor-semitrailer with Rigid Cargo 
The impact demand on bridge piers is affected by the characteristics of the cargo. The previously 
developed three-triangle pulse model represented a tractor-semitrailer with deformable cargo, 
where the third triangular pulse was directly related to the cargo impact. In this study, the effect of 
rigid cargo loads on the demand model and impact behavior of bridge piers have also been further 
investigated. After a detailed review on a broad range of the rigid types and configurations of cargo 
loads in the current U.S. market, two types of commonly used rigid ballast were selected and 
modeled, as shown in Figure 4-6. It can be seen from Figure 4-6 that the ballast was placed in the 
middle of the trailer and was fully constrained with the trailer bed. Two different shapes of the 
ballast were considered in the modeling, including flat rigid plates and rigid blocks.  
Figure 4-7 shows the comparison of impact responses of an S1100 pier colliding with two 
different ballast types. It can be seen from Figure 4-7(a) that the impact forces caused by the two 
types of ballast were similar to each other. Similar behavior can also be seen from the displacement 
time history of the pier in Figure 4-7(b). To develop a pulse model representing the rigid cargo 
load, a series of truck impact simulations were conducted by changing the velocity and weight of 
the truck. Based on the simulations, the third triangular pulse of the original model was found to 
be adjustable to represent the rigid cargo load by modifying the peak impact force and duration of 
the pulse. Figure 4-8(a) shows an example of impact force time history from rigid cargo loads 
compared with the modified pulse model, where the third peak force was 1.45 times higher than 
that for the original pulse model, and the pulse duration was reduced to 1.45 times shorter than 
that for the original pulse to maintain the same area under the pulse curve. Figure 4-8(b) also 
showed the distribution of impact forces along the pier height for rigid cargo impact. In Figure 
4-8(b), the impact height of the rigid cargo load is observed to be higher than that for a deformable 
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cargo load. For the purpose of conservative design, however, the original loading height of the 
trailer impact should be maintained in the performance-based design, which would result in a 
larger shear demand. Validation of the modified pulse model has been conducted by comparing 
the truck simulation and pulse simulations, which are presented later in this chapter.   
 
Figure 4-6: Truck model with rigid cargo placed in the middle of the trailer 
 
Figure 4-7: Impact responses of piers collided with trucks using rigid cargos: (a) impact 




Figure 4-8: Modified pulse model and contour of impact force along pier height for rigid 
cargo 
It is important to mention that the parameters in the pulse equation (Eq. 4-1) have been obtained 
for a representative truck model.  There may be variations in parameters (stiffness or weight of the 
bumper and engine) between this truck model and other trucks that are likely to impact a bridge 
pier. Development of a calibrated finite element model for each of these truck models is cost 
prohibitive and is not logistically possible in a dissertation like this one. Likewise, considering 
uncertainties in concrete and steel properties would also be costly and computationally prohibitive. 
However, these variations/uncertainties can be addressed through appropriate factors of safety in 
the development of a performance-based design approach, which will be addressed in Chapter 5.  
4.3 Validation of the Proposed Pulse Model 
Application of the proposed pulse model was validated by comparing pier behavior under the pulse 
loading with that from truck simulations. Figure 4-9 shows a comparison between the deformed 
shape and damage contours of six cases with different pier shapes, impact speeds, and truck 
weights. From the detailed comparisons, the deformed profiles, damage contours, and types of 
failure mode were found to match reasonably well. Moreover, good comparisons in the 
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displacement of piers can be observed in Figure 4-10 and Figure 4-11, which compares the 
displacement time histories at the point of impact for the pier under pulse loading and truck impact 
using deformable cargo and rigid cargo loads. Figure 4-10(a) and (c) represent minor and moderate 
damage, where the peak displacement of the pier was less than 10 mm, and the difference between 
pulse and truck simulation was less than 9%. In Figure 4-10(b) and (d), the piers were severely 
damaged with around 20 mm displacement. Displacement time history from the pulse simulation 
matched very well with that of the truck simulation for displacements less than 20 mm. The 
comparison may not be meaningful beyond the displacement of 20 mm since the pier has lost most 
of its capacity at that point. Hence, the level of difference between pulse and actual impact is 
acceptable, considering that the complex impact behavior is represented by a simple pulse model 
with pulse loads applied in selected zones instead of continuous loading in the impact area, as was 
the case in the truck simulation.  Most importantly, the full collapse of the pier was modeled 
correctly using the pulse model, as shown in Figure 4-9(c), Figure 4-9(f), Figure 4-10(b), and 
Figure 4-10(d).   
To better illustrate the dynamic nature of the vehicular impact process, Figure 4-12 and Figure 
4-13 compared the impact response of the pier under AASHTO static design force of a 2,670 kN, 
truck impact simulation, and the pulse model. For comparison, the velocity of the truck was 80 
kph and the weight of the truck was 360 kN. In Figure 4-12, it is clear that AASHTO’s design 
force underestimated the peak displacement of the pier by nearly 60%. The damage caused by the 
static force shown in Figure 4-13(c) also appeared to be much less severe than that from truck 





Figure 4-9: Damage to piers subjected to impact loading by truck (left) and pulse (right) 
models: (a) S900-V97-W270; (b) S800-V80-W180; (c) S800-V97-W270; (d) C900-V80-




Figure 4-10: Displacement time histories of the pier for truck and pulse simulations 





Figure 4-11: Displacement time histories of the pier for truck and pulse simulations (rigid 
cargo): (a) S1100-V113-W360; (b) S900-V113-W360 
 
Figure 4-12: Comparison of pier deformation from truck simulation (V80-W360), pulse 




Figure 4-13: Damage mode of the pier under different loading: (a) truck impact; (b) pulse 
loading; (c) AASHTO static design force 
4.4 Capacity Design Philosophy for Truck Impact 
In the study by Buth et al. (2010), many of the accidents documented showed that shear failure is 
a typical failure mode of bridge piers under the forces associated with heavy truck impacts. For 
example, Figure 4-14 shows two truck impact accidents in Texas, where the piers failed in shear 
under the collision force. It is known that shear failure is a brittle type of failure that is preferably 
avoided in structural design. However, the current AASHTO Specifications (2017) do not 
prescribe a clear design method to effectively reduce the shear damage of the pier that undergoes 
the forces associated with a truck impact. Hence, inspired by the capacity design method 
commonly used in the earthquake engineering field, capacity design principles were applied to 
redesign the pier for vehicular impact. The plastic design mechanism used in the capacity design 
method entailed formation of plastic hinges at the top and bottom of the pier as well as at the 
engine impact location. The shear demand was computed from the sum of the plastic moment 
capacities of the pier base and impact location divided by the impact height or the shear span. By 
61 
 
doing so, the shear demand is effectively capped due to the ductile plastic mechanism that has 
formed, and sufficient reinforcement (i.e. capacity) can be provided to mitigate its effect.  
 
Figure 4-14: Shear failure of bridge piers during actual events: (a) Texas I-20 bridge 
accident 2007 (Buth et al. 2010); (b) Texas I-45 bridge accident 2014 (Agrawal et al. 2018) 
Figure 4-15 illustrates the essence of the capacity design procedure for a column subjected to 
a concentrated load at a distance of a from the pier bottom. For a mechanism comprised of 3 plastic 
hinges (with capacity Mp) as shown in Figure 4-15, the maximum shear force at the base of the 
pier can be defined as 2Mp/a. Designing for a shear capacity of at least 2Mp/a will promote the 
formation of the plastic hinge mechanism and protect the column against shear failure because the 




Figure 4-15: Designing a pier using the capacity design procedure 
Based on this idea, the original bridge piers in Table 4-1 were redesigned according to the 
capacity design procedure. The resulting shear reinforcement details are shown in the 5th column 
of Table 4-4. It is clear that the shear reinforcement for a capacity designed pier is substantially 
heavier than that for its regular counterpart. For example, the original S900 pier had #3 stirrups at 
300 mm whereas the capacity designed pier had #6 stirrups at 150 mm. It should be noted that the 
maximum ratio of stirrups used for capacity-designed piers increased from 0.20%, for non-
capacity designed piers, to 1.03%. The heavier reinforcement is still reasonable and  below the 
minimum required ratio (1.20%) for confinement of plastic hinges per earthquake design 
specifications (AASHTO 2017).  
For a more efficient referral to the simulation cases, a unique descriptive name was given to 
each case of the simulation. For example, X-Y-V-W, where X is C (capacity designed) or NC (not 
capacity designed), Y is the pier case (such as S800, S900, C900 or C1100 as outlined in Table 
4-4), V is the impact velocity in kph, while W is the truck weight in kN. If X is not indicated as C 
or NC, then the default is NC. 
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S800 800  
 
#10 (32 mm) 
4×4 configuration 
#3 ( mm) 
300 mm spacing 
#6 ( mm) 
150 mm spacing 
S900 900  
 
#11 (36 mm) 
4×4 configuration 
#3 ( mm) 
300 mm spacing 
#6 ( mm) 
150 mm spacing 
S1100 1,100  
 
#14 (43 mm) 
4×4 configuration 
#4 ( mm) 
300 mm spacing 
#6 ( mm) 
100 mm spacing 
C900 900  
 
8×#14 (43 mm) 
#3 ( mm) 
150 mm spacing 
#8( mm) 
150 mm spacing 
C1100 1,100  
 
8×#14 (43 mm) 
#4 ( mm) 
150 mm spacing 
#8( mm) 
150 mm spacing 
*NC – not capacity designed; *C – capacity designed  
4.5 Effect of Capacity Design on Pier Performance 
To investigate the effect of capacity design, the deformation profiles of the pier were computed 
and decoupled into corresponding shear distortions (SDs) and plastic rotations (PRs) along the pier 
height according to the method outlined in Hiraishi (1984) and Xu (2017). Figure 4-16 shows the 
results of the computation with damage contours for a specific case. As shown in Figure 4-16(c), 
the maximum shear distortion and plastic rotation were 0.055 and 0.011, respectively, for case 
NC-C1100-V113-W270, and were 0.011 and 0.010, respectively, for the counterpart case C-
C1100-V113-W270. For the capacity designed case, the maximum shear deformation was found 
to occur at the top and bottom of each column, and substantial plastic rotation occurred around the 
impact location as well as at the top and bottom locations. Overall, the deformations of capacity 
designed piers were shown to be more balanced in terms of shear distortion and plastic rotation 
compared with the regular piers, where shear distortion was clearly dominant. Based on the amount 
of shear distortion reduction, as shown in Figure 4-16, it is clear that shear damage can be 
effectively mitigated by using capacity design theory to proportion the piers vulnerable to collision.   
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To show the effect of capacity design on reducing shear deformations, Figure 4-17 plots all the 
calculated results of SD for capacity-designed piers versus that for regular piers.  Figure 4-17 
suggests that most of the capacity-designed piers will exhibit less extensive shear deformations 
during heavy vehicular impact than their regular pier counterparts. For cases with small 
deformations, where SD is less than 0.02, the deformations of capacity designed piers and regular 
piers are comparable. However, for cases with SD values between 0.02 and 0.25, the SD for 
capacity designed piers is clearly shown to be smaller than that for regular piers. For regular piers 
that collapsed, as shown in Figure 4-17, the counterpart capacity-designed piers survived and 
displayed different levels of deformation. The effect of the capacity design is also shown in Figure 
4-18, which plots the maximum shear distortions as a function of impact speed. For example, for 
case C900-V97-W180 in Figure 4-18(b), the shear distortion decreases from 0.050 to 0.013 for 
regular versus capacity-designed bridge piers. Based on the information in Figure 4-17 and Figure 
4-18, an argument is supported that the likelihood of undesirable shear failure can be reduced by 




Figure 4-16: Shear distortion and plastic rotation results for non-capacity and capacity 
designed piers: (a) damage modes of NC-C1100-V113-W270; (b) damage modes of C-




Figure 4-17: Shear distortion for capacity designed (C) piers versus non-capacity designed 
(NC) piers 
 
Figure 4-18: Maximum shear distortion versus truck speed for both capacity designed and 




A simplified pulse demand model was proposed for bridge pier design against heavy truck impact. 
The model was well calibrated by conducting high-fidelity truck simulations. The primary 
variables of the model were pier dimensions, impact speed, and truck weight. Results indicated 
that the pulse model yields data that reasonably matched the data of the detailed simulations 
conducted with the truck model. As with any simplified model, the proposed equations are valid 
only for the tractor-semitrailer model used and for the range of parameters (truck weights, 
velocities, and pier sizes) considered in this work. However, the tractor-semitrailer model studied 
is a common one and the range of parameters considered is quite broad and specifically selected 
to cover a wide range of plausible design scenarios. The simplified demand model is proposed in 
a format that is well suited for adoption into current design provisions and for use in a design office 
setting.  
Capacity design was proposed as an innovative design approach for piers vulnerable to heavy 
truck impact. The intent is to articulate a meaningful design approach that promotes ductile instead 
of brittle failure as a result of the heavy truck impact. The simulation results showed that 
application of capacity design principles significantly decreased the chances of a pier failing in 
shear during a heavy truck impact. The results also showed that capacity-designed piers were able 
to undergo significantly greater deformation than their counterparts that were not capacity 
designed.  
Together, the proposed simplified demand model and capacity design philosophy could serve 
as the foundation for future performance-based design provisions that ensure well-defined 




CHAPTER 5 PERFORMANCE BASED DESIGN FRAMEWORK  
One of the major developments in earthquake engineering over the past 2 decades has been the 
introduction and widespread use of performance-based design (PBD). PBD philosophy essentially 
entails estimating seismic demands in a particular structural system along with all of its 
components, then checking to determine if they exceed the capacity associated with a required 
performance objective or benchmark for a given hazard intensity level. Two of the most commonly 
accepted performance levels include Immediate Occupancy (IO) and Collapse Prevention (CP). 
The intensity of ground shaking (the hazard level) is typically specified via the likelihood of a 
seismic event (e.g., a probability of exceedance of 2% in 50 years). Demand and capacity 
parameters are generally associated with local or system level forces and deformations.  
While PBD concepts are now well established in earthquake engineering, there has been little 
progress in the application of the PBD approach to impact engineering in general, and truck impact 
with bridge piers, in particular. Sharma et al. (2012) developed a framework to estimate the shear 
capacity of and demand on a reinforced concrete (RC) column subject to a truck impact for 
different performance levels. The proposed procedure was used for the design of RC columns to 
meet a set of performance objectives for different vehicle impact scenarios. Liu (2012) proposed 
that the ratio of peak impact force to shear capacity of the pier can be viewed as a demand -to-
capacity parameter for piers subjected to vehicular impacts. They noted that a pier with a demand-
to-capacity ratio less than 2 suffers only minor damage, while piers with a ratio greater than 5 
suffer severe damage during truck impacts. Piers with a ratio between 2 and 5 suffer only moderate 
damage. Sharma et al. (2014) developed a framework for performance-based analysis and design 
of RC columns subject to vehicular impacts. Their approach employed a probabilistic model to 
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estimate the dynamic shear force demand on RC columns subjected to vehicular impacts and an 
estimation of the fragility of the columns.  
The PBD frameworks proposed by Sharma et al. (2012, 2014) and Liu (2012) do not explicitly 
model the dynamic nature of the impact problem, but rather seek to simplify it by making a number 
of assumptions about the structural behavior of piers. Most importantly, the amount of damage to 
the pier was not quantified based on the pier’s behavior as it undergoes a collision.  
This chapter proposes a new and comprehensive PBD framework that addresses these 
drawbacks. A design framework that is applicable to heavy truck impact is first proposed. The 
simplified pulse models developed in Chapter 4 are used to represent the dynamic demand imposed 
by a colliding truck, while quantifiable performance criteria are employed in terms of plastic 
rotation and shear distortion. The simulation data is used to calibrate the proposed framework, 
which is suited for implementation in design codes and used in a design office setting.  
5.1 Quantification of Performance Levels 
To quantify the damage imposed by a colliding truck, each pier was divided into a number of 
panels along the pier height, and the levels of shear distortion (SD) and plastic rotation (PR) were 
computed for each panel. Eight panels were chosen to make the shape of each panel approximate 
a square. The displacements of the corner nodes of each panel (in the plane of impact) were used, 
and the relative displacements with respect to the bottom of the panel were identified, as shown in 
Figure 5-1, where VL and VR are the relative vertical displacements of the upper left and right 
corner nodes, respectively, and UL and UR represent the relative horizontal displacements of the 




Figure 5-1: Deformation of a panel subjected to lateral loads 
 The shear distortion and plastic rotation of the panels were computed according to Hiraishi 
(1984), as outlined in Equation (5-1) through (5-4).  
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 =  (5-4) 
where   is the plastic rotation and   is the shear distortion; h is the height of the panel and l is the 
width of the panel; 𝑢𝐵 is the lateral displacement due to bending and 𝑢𝑆 is the lateral displacement 
caused by the shear force. 
5.2 Proposed Performance-Based Design Framework 
A performance-based design framework requires the specification of 3 things: 1) demand (D), 2) 
capacity (C), and 3) a performance objective for a given hazard level. In general, the computation 
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of demand for the vehicular impact problem is complicated because it entails running a full vehicle 
model. However, that can be greatly simplified by using the proposed pulse model. As in 
earthquake engineering, local demands can be obtained by using an elastic model or an inelastic 
version. Since the objective is to propose a framework that is suitable for design office use, an 
elastic model was selected in this study. The model employs a reduced moment of inertia (35% of 
the gross section) to account for the effect of concrete cracking (ACI 2011).  
5.2.1 Demand-to-Capacity Computations  
The proposed impulse model was applied to an elastic model of the pier based  on classical bending 
theory to compute the peak base shear demands. The capacity of the pier to resist the applied loads 
was computed from well-established design techniques (e.g., AASHTO 2017). Since D was 
computed from an elastic model, and C was computed assuming inelastic behavior, the ratio of 
D/C is essentially a quantitative indicator of the severity of the event. More specifically, a high 
D/C ratio means that the event is severe and a low D/C ratio corresponds to a relatively small event. 
The use of such quantitative indicators for performance-based design is well established in 
earthquake engineering (e.g., the m factor in FEMA 356 (2000)), which is a demand modifier 
intended to account for the expected ductility of the structural member.  
5.2.2 Performance Objectives and Capacity Measures 
The performance objective is typically a qualitative one, such as damage that is minor, moderate 
or major as defined in Liu (2012). Following Liu (2012), the failure modes associated with the 
minor damage state are tensile, cracking of the concrete, and minor yielding of the longitudinal 
reinforcement. Bridge piers with minor damage are fully functional immediately after the impact. 
Moderate damage is defined by the occurrence of major yielding and plastic deformations within 
the steel reinforcement as well as minor concrete core deterioration. Closure of the bridge may be 
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necessary for repair of a moderately damaged bridge pier. Severe damage is associated with plastic 
hinge formation in the pier and/or major damage to the concrete core. A bridge with severe damage 
will not collapse. However, it may be cost-prohibitive to repair and may need to be replaced after 
the impact event. Figure 5-2 shows examples of piers judged to have minor, moderate, and severe 
damage, which were obtained from the finite element data. Figure 5-3(a) shows an example of 
plastic hinging, which was observed in the aftermath of an actual accident involving a truck 
collision with bridge piers, while Figure 5-3(b) shows an example of shear failure. It should be 
noted that these modes of failure can also be categorized per the damage definitions in Figure 5-2, 
(i.e., severe damage). 
 
Figure 5-2: Examples of the various modes of failure: (a) minor damage; (b) moderate 




Figure 5-3: Flexural damage and shear failure observed in the accidents: (a) Minnesota I-
90 bridge accident 2003 (plastic hinging); (b) Texas I-45 bridge accident 2014 
(deteriorations in core due to shear) 
To make the damage assessment process more quantitative, two quantities were computed for 
each pier, including the maximum shear distortion (SD) and plastic rotation (PR). Using such 
quantities as performance criteria is common in performance-based seismic design. It is not, 
however, feasible to adopt earthquake-related SD and PR capacity values to vehicular impact 
because the type of loading is different; seismic effects entail cyclic loads, whereas vehicular 
impact is mostly monotonic and impulsive. As such, the damage states were estimated from the 
finite element data obtained in this study. As outlined in Table 5-1, minor damage was deemed to 
correspond to a shear distortion or plastic rotations of less than 0.010 radians. Moderate damage 
corresponded to deformation parameters that range from 0.010 to 0.075 radians, whereas severe 
damage corresponded to the 0.075 to 0.150 radian range. Values in excess of 0.150 radians were 
considered to correspond to system failure. These values were selected based on the calibrated and 
validated computational model. They can be refined in the future as test data on shear distortion 
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and plastic rotation of piers impacted by trucks becomes available. Figure 5-4 shows three 
examples of the damage mode of the bottom of the bridge pier, which were defined as minor, 
moderate, and severe damage.   
 
Figure 5-4: Different damage levels of the bottom of the pier: (a) minor; (b) moderate; (c) 
severe 
5.2.3 PBD Framework for Truck Impact 
The maximum PR and SD quantities versus the demand-to-capacity ratio (D/C) for heavy trucks 
are plotted in Figure 5-5, in which D is the base shear demand and C is the shear capacity of the 
pier.  Data for bumper and engine impacts (Figure 5-5a) and cargo impacts (Figure 5-5b) are 
plotted separately. The stages of impact are considered separately because the sequence of impact 
influences the impact scenario. In the following discussion, D1 is the peak base shear associated 
with bumper impact. D2 is the peak base shear associated with engine impact, while D3 is the peak 
base shear associated with cargo impact. D1 and D2 typically happen in close time proximity to 
one another, and the duration of loading for both events are generally small. D3 is generally 
separated from the first two spikes by a relatively longer time period, and the time of cargo load 
application is substantially longer than the bumper or engine events. Hence, in the following 
discussion, the bumper/engine events are usually handled together and separately from the cargo 
impact event.  
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By correlating the observed damage modes and superimposing them on the data in Figure 5-5, 
it is possible to select general regions that could be used for PBD. For example, the data in Figure 
5-5(a) shows that Max(D1/C, D2/C) should be less than 2.00 to ensure minor damage (SD or PR 
< 0.010) and should be between 2.00 and 2.75 for moderate damage (0.010 ≤ SD or PR < 0.075). 
Values that exceed 2.75 are likely to cause severe damage (0.075 ≤ SD or PR ≤ 0.150) as a result 
of bumper and engine impact.  
Bumper or engine impact sets the stage for the subsequent cargo impact. In particular, bumper 
or engine impact could create initial damage in the form of substantial concrete cracking. Severely 
cracked concrete degrades the concrete’s contribution to shear resistance. Under such conditions, 
the subsequent cargo impact is primarily resisted by the steel shear reinforcement. The rationale 
for this conservative assumption is based on the experimental observation by Priestley et al. (1994) 
that the shear component from the concrete decreased rapidly after severe shear cracking occurred 
in a tested column, while the stirrup component remained constant or increased. 
To consider the sequence of impact, if the bumper/engine impact caused minor damage (i.e., 
Max(D1/C, D2/C) < 2.00 in Figure 5-5(a)), the shear capacity C for cargo impact should be 
computed based on the full cross-section, which takes into account contributions from both the 
concrete and steel stirrups. For piers with moderate damage caused by bumper/engine impact, 
where 2.00 ≤ D/C < 2.75 in Figure 5-5(a), the shear capacity C for cargo impact should be 
computed based on just the steel stirrups. The concrete’s contribution to shear strength should be 
ignored because the concrete could potentially be cracked or otherwise damaged by the initial 
bumper/engine impact. In this case, the capacity is denoted as Cs.  For piers with severe damage 
caused by bumper/engine impact (i.e., 2.75 ≤ D/C in Figure 5-5(a)), extensive simulations have 
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shown that the upcoming cargo impact will likely destroy the pier since the capacity of the pier 
has already been severely compromised. Thus, piers should be designed to suffer only minor or 
moderate damages by the bumper and engine impact in the proposed framework.  
Based on the information shown in Figure 5-5, the general PBD philosophy for heavy truck 
impact can be stated as follows. 
• Immediate Use (Minor damage): A0 < Max(D1/C, D2/C) < A1 for bumper/engine impact 
and B0 < D3/C < B1 for cargo impact. 
• Damage Control (Moderate damage):  
o A0 < Max(D1/C, D2/C) < A1 for bumper/engine impact and B1 ≤ D3/C < 
B2 for cargo impact. 
o A1 ≤ Max(D1/C, D2/C) < A2 for bumper/engine impact and B1 ≤ D3/Cs < 
B2 for cargo impact. 
• Near Collapse (Severe damage): A1 ≤ Max(D1/C, D2/C) < A2 for bumper/engine 
impact and B2 ≤ D3/Cs < B3 for cargo impact. 
The general performance criteria are shown in Table 5-1. The specific values of A0 to A2 and 
B0 to B3 for heavy truck are shown in Table 5-2. It should be noted that the values of D/C ratio 
related with different performance levels may also be calibrated for different truck models, such 




Figure 5-5: Max of SD or PR versus D/C for heavy truck: (a) bumper/engine impact; (b) 
cargo impact   
Table 5-1. Performance levels, corresponding damage state, shear distortion or plastic 
rotation for truck impact 
Performance level Damage 
state 
Max(SD, PR) Max (D1/C, D2/C) D3/C D3/Cs 
Immediate Use Minor [0.000, 0.010] [A0, A1] [B0, B1] N/A 
Damage Control Moderate [0.010, 0.075] [A0, A1] [B1, B2] N/A 
   [A1, A2] N/A [B1, B2] 




Table 5-2: D/C ratios for different performance levels for heavy truck  











5.3 Proposed Design Procedure 
The information from Figure 5-5 and from Table 5-1 and Table 5-2 can be used to establish a 
performance-based design methodology that is applicable to heavy trucks and potentially any truck 
type with similar impact characteristics. The proposed design steps are as follows: 
1. Obtain a preliminary design by proportioning the pier for the traditional strength/service 
limit states or based on design experience.  
2. Select the speed and weight of the impacting truck based on local traff ic conditions and 
owner requirements.  
3. Determine the desired performance level: Immediate Use (minor damage), Damage 
Control (moderate damage) or Near Collapse (severe damage). Select from Table 5-1 and 
Table 5-2 the required D/C ratio for bumper/engine impact.   
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4. Apply the pulse model to an elastic model of a fixed-fixed pier (with reduced stiffness to 
account for concrete cracking) to get the elastic base shear demands (D1, D2, and D3 for 
the bumper, engine, and cargo impact, respectively).  
5. Determine the required shear capacity, C = Max(D1/C, D2/C)/(selected D/C ratio), for 
bumper/engine impact.  
6. Select a stirrup configuration to satisfy C and compute the capacity of the steel stirrups, 
Csdesign. Compute the actual shear capacity Cdesign and moment capacity Mdesign of the pier.  
7. Use the actual capacity to check if the plastic rotation mechanism (based on the capacity 
design idea) is preferred over shear failure. Use Mdesign in the previously mentioned 3 hinge 
capacity design configuration to get the capacity design shear value, and make sure the 
shear value is less than the shear capacity (Cdesign). If not, decrease the moment capacity if 
overdesigned, or increase the shear capacity, Cdesign.  
8. Calculate the larger of D1/Cdesign and D2/Cdesign, associated with bumper and engine 
impacts, respectively, and D3/Cdesign or D3/Csdesign for the cargo impact.  
9. Check to see if the computed demand-to-capacity ratios correspond to the desired amount 
of damage based on Table 5-1 and Table 5-2. If not, go back and change the pier size or 
desired performance level. 
5.4 Example of Performance-Based Design of Bridge Piers 
Assume a 6,100-mm square bridge pier of size 850 mm × 850 mm is at risk of being impacted by 
a tractor-semitrailer that weighs 270 kN at a speed of 97 kph.  Determine the desired shear force 
capacity of bridge piers that would sustain moderate damage. 
1. Assume the pier has been proportioned with 4 × 4 #10 longitudinal bars and 4 × #3 
stirrups at a spacing of 300 mm for the traditional strength/service limit states.  
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2. The design truck has been selected as a tractor-semitrailer, with a design weight of 270 
kN and a design speed of 97 kph.   
3. The desired performance level has been determined as Damage Control (moderate 
damage). Thus, the required D/C ratio for bumper/engine impact was first selected as 
2.50 from Table 5-1.   
4. Generate the pulse model using Equation 4-1 and parameters in Table 4-2. Build a pier 
model using beam elements with fixed-fixed boundary conditions in SAP2000, or any 
other FE software capable of dynamic analysis. The material model of the pier is elastic 
with reduced stiffness to account for concrete cracking. Apply the pulse model to the pier 
to obtain the elastic base shear demands. The detailed application is illustrated in Figure 
5-6.   
 
Figure 5-6: Application of pulse model in the design example. 
After running the pulse analysis in SAP2000, the base shear demands for bumper, engine, 
and trailer impact are obtained as follows: 
D1 = 4,079 kN. 
D2 = 5,920 kN. 
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D3 = 2,273 kN. 
The required shear capacity can be calculated as:  
C = Max(D1/C, D2/C)/(selected D/C ratio) = 5,920 kN/2.50 = 2,368 kN.  
5. Select 4 × #6 stirrups at a spacing of 150 mm to satisfy C.  
Cdesign = 2,700 kN. Csdesign = 2,064 kN. 
Mdesign = 1,808 kN-m. 
6. Check: Cdesign = 2,700 kN > 2 × Mdesign/1.5 m = 2 x 1,808/1.5 = 2,410 kN. Thus, the 
plastic rotation mechanism is preferred over the shear failure.  
7. Based on Table 5-1 and Table 5-2, the computed demand-to-capacity ratios, D2/Cdesign = 
2.19 and D3/Csdesign = 1.10, correspond to the target damage level (i.e., moderate 
damage).   
Numerical simulations have been carried out to verify the performance of the designed pier in 
this example.  Figure 5-7 shows the piers of the bridge after being impacted by a heavy truck of 
270 kN at a speed of 97 kph.  It is observed that the bridge piers demonstrated the desired 




Figure 5-7: Performance of the designed pier under a 270-kN heavy truck impact at 97 
kph: (a) contour of damage; (b) distribution of PR and SD along the pier height 
5.5 Validation of the Proposed Framework 
Four piers with characteristics that are different than those used for the calibration effort were 
selected to validate the proposed PBD framework. The geometries and reinforcing details of the 
selected piers are shown in Table 5-3. The piers were designed according to the procedure detailed 
above. These piers were then impacted by heavy trucks with different combinations of weight and 
approach speeds as outlined in Table 5-4, creating a total of 8 cases that cover a broad range of 
design scenarios, including different impact angles and cargo types. A unique descriptive name is 
given to each case of simulation in Table 5-4. For example, V-W-A, where V is the impact velocity 
(kph), W is the truck weight (kN), and the third term is the impact angle (degree). The actual peak 
SD and PR values were computed for each case. These values are listed in Table 5-4 along with 
the computed damage states according to the criteria in Table 5-1 and Table 5-2. As shown in 
Table 5-4, the predictions are accurate or conservative for all the cases. The validation results 
shown in Table 5-4 generally show that the proposed framework can be used to achieve a desired 
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performance level for a pier at risk of being impacted by a heavy truck and is reasonable, given 
the complexity of the collision process being modeled.  
















1 S850 6,100 #10(32 mm) 
4×4 
4×Bar #6(19 mm)  
Spacing of 150 mm 
2.89 2.24 
2 C1000 6,100 8×#14(43 mm) 2×Bar #6(19 mm)  
Spacing of 80 mm 
3.05 2.27 
3 C1000 4,900 8×#14(43 mm) 2×Bar #6(19 mm)  
Spacing of 80 mm 
3.05 2.27 
4 S1100 6,100 #11 (36 mm) 
4×4  
4×Bar #6(19 mm)  
Spacing of 150 mm 
3.34 2.53 
 



















1 V80-W360-A0 2 1.65 0.64 Minor 0.003 Minor 
2 V97-W360-A0 2 1.96 1.28 Moderate 0.010 Moderate 
3 V97-W270-A0 1 2.44 0.99 Moderate 0.060 Moderate 
4 V64-W360-A0 1 1.84 0.58 Minor 0.003 Minor 
5 V50-W360-A0 3 1.15 0.26 Minor 0.001 Minor 
6 V97-W270-A15 1 2.44 0.99 Moderate 0.009 Minor 





Moderate 0.006 Minor 
 
5.6 PBD Framework Versus AASHTO Method 
To further compare the PBD method and AASHTO design method, a 4900-mm tall RC bridge pier 
was designed for the 2,670-kN (600-kips) lateral force applied at 1,500-mm (5-ft) above ground 
level per AASHTO (2017).  Numerical simulations were conducted by colliding a 360-kN heavy 
truck with the AASHTO designed pier at a velocity of 48 kph, 80 kph, and 113 kph. Figure 5-8 
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shows the damage mode of the piers subject to the heavy truck impact. It can be seen from Figure 
5-8 that the pier had minor to moderate damage when the truck traveled at 48 kph and 80 kph. 
However, the pier collapsed in shear when collided with a truck traveling at 113-kph. Hence, the 
2,670 kN-design force by AASHTO is not conservative for a 113-kph heavy truck impact. For the 
113-kph and 360-kN heavy truck impact, the 900-mm pier was redesigned for moderate damage 
by using the PBD method described above. Figure 5-9 shows the comparison of the damage mode 
of piers designed by AASHTO and PBD frameworks. It is clear from Figure 5-9 that the pier 
designed using the PBD method survived the impact and shear damage was greatly mitigated. 
Table 5-5 listed the material and rebar detailing used for the AASHTO designed pier and that for 
PBD method. It can be seen from Table 5-5 that the main difference between these two piers is the 
stirrups detailing, where PBD required spacing of 150 mm while AASHTO design used a spacing 
of 300 mm. Clearly, the stirrups designed by the PBD method provided better confinement for the 
pier compared with the AASHTO design.  
 
Figure 5-8: Damage mode of AASHTO-designed piers subject to 360-kN heavy truck 




Figure 5-9: Damage mode of piers designed by AASHTO and PBD method subject to 360-
kN heavy truck at 113 kph: (a) AASHTO; (b) PBD method (moderate damage) 
 
Table 5-5: Comparison of the design detailing between AASHTO and PBD method  
 
AASHTO PBD (moderate) 
Concrete 1m×1m×5m  1m×1m×5m 
Longitudinal rebar 12 #11 12 #11 
Stirrups #6 @300 mm #6 @150 mm 
Stirrups ratio 0.42% 0.84% 
 
5.7 Summary  
A performance-based approach for the design of bridge piers against truck collisions was 
developed by quantifying damage in terms of plastic rotation and shear distortion and the 
performance in terms of demand/capacity (D/C) ratios.  
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The approach is simple enough for design office use and targets three levels of performance, 
including Immediate Use, Damage Control, and Near Collapse. Applicability of the proposed 
design approach was demonstrated through several cases that were not included in the calibration 
of the proposed design method. Results obtained from this research provide important new 
contributions for future practice and research on the protection of bridges vulnerable to vehicular 
impact. 
Although the proposed procedure for performance-based design is a general one, some of the 
individual steps are specific and need to be generalized through future research efforts. For 
example, the pulse model is the only representative of the tractor-semitrailers used in this research. 
Applicability of the pulse model to other types of trucks may need to be investigated.  In addition, 
the correlation between the D/C ratio and damage level is also specific to the calibration conditions 
used in this work. The defined performance levels may be further refined when more simulation 





CHAPTER 6 RISK OF BRIDGE PIER COLLAPSE BY TRUCK 
IMPACT 
The PBD framework developed in Chapter 5 was a deterministic design method, which provided 
engineers with a simple method to estimate the performance of bridge pier subject to heavy truck 
impact. Based on the PBD method, further studies have been conducted to investigate the risk of 
pier collapse given a truck collision event. Monte Carlo simulations were performed to generate 
random samples for the impact demand and the performance of piers was evaluated based on the 
demand-to-capacity ratios. Based on the simulation results, the risk of pier collapse was calculated 
as the pier collapse instances divided by the total number of samples. Risk curves and design tables 
were created based on the calculation results, which can be used directly by the engineers to 
determine if pier protection is required.    
6.1 Stochastic Model of Truck Speed and Truck Type 
In this study, both truck speed and truck types were considered as random variables, which were 
used to generate the demand model proposed in Chapter 4. For the truck speed, a normal 
distribution is assumed based on the study by Ray et al. (2018), where the mean travel speed is 
assumed to be 96% of the posted speed limit (PSL), and the standard deviation of the truck speed 
is 5% of the PSL.  
The mix of truck types on certain highways can vary widely from one class to the other. 
Different trucks represented different levels of hazards to the highway bridges. To assess the risk 
of pier collapse under the truck impact, two types of trucks are considered in this work: single-unit 
truck and tractor-semitrailer. Based on the traffic data provided by the NCHRP report (Ray et al. 
2018), the mix ratios of the two different trucks for different highways are shown in Table 6-1.  
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Table 6-1. Traffic mix ratio 
 Rural Urban 








Single-unit truck 0.25 0.70 0.35 0.80 
Tractor-
semitrailer 
0.75 0.30 0.65 0.20 
 
6.2 Risk Calculation 
To determine the probability of pier collapse under truck collision conditions, stochastic pulse 
demand samples were first generated based on the speed samples and different truck types. The 
weights of the two trucks are assumed to be constant: 36 tons for heavy trucks and 8 tons for the 
single-unit truck. The generated pulse model was applied to a sample square pier model (5-meter 
high, 900-mm wide) in SAP2000, and time-history analysis was run in a batch mode to obtain the 
base shear demand, D. The details about the pulse simulation can be found in Chapter 5.   
Based on the demand samples (D), a wide range of shear capacities was selected and the ratios 
of demand over capacity were calculated to estimate the performance of the pier given the collision 
event by following the PBD criteria used in Chapter 5. Similar design method has also been 
developed by the author for the single-unit truck. Detailed information can be found in Cao et al. 
(2019).  
A detailed flowchart of the risk calculation is shown in Figure 6-1. As shown in Figure 6-1, 
the probability of pier collapse given collision was calculated as the number of collapse instances 
(estimated by D/C ratios) divided by the total number of the samples. Based on the flowchart in 
Figure 6-1, Monte Carlo simulations were carried out by using 1,000 cases per category for speed 





Figure 6-1. Flowchart of risk calculation 
6.3 Simulation Results 
Based on the Monte Carlo simulation, Figure 6-2 shows the cumulative distribution of the 
probability of pier collapse given the collision event for four different highways.  In Figure 6-2, 
the risk curves showed a similar “S” shape for different functional classes. As expected, the 
probability of pier collapse decreased from 1 to 0 as the shear capacity increased from 0 to 1,200 
kips. Also, for a certain shear capacity, the risk of pier collapse increased as the velocity increased 
from 48 kph (30 mph) to 113 kph (70 mph). For each class, the risk curves also showed a short 
platform at a certain risk level, which appeared to be almost constant for different speeds. For 
example, the plateau level was roughly located at 0.75 for rural interstates shown in Figure 6-2a. 
This plateau level has been found to be close to the ratio of the heavy truck over the whole truck 
samples (Table 6-1), which indicated that as the shear capacity exceeded this point the pier collapse 
instances were mostly caused by heavy trucks, not single-unit trucks.  
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For practical design, a risk design table has also been created as shown in Table 6-2, which 
can be used by engineers to determine if pier protection is required based on the posted speed limit 




Figure 6-2. Risk curves of pier collapse by truck impact: (a) rural interstates and arterials; 




Table 6-2. Risk design table 
  
C (kips) 30 40 50 60 70 30 40 50 60 70
100 0.984 1.000 1.000 1.000 1.000 0.966 1.000 1.000 1.000 1.000
150 0.741 0.998 1.000 1.000 1.000 0.307 0.995 1.000 1.000 1.000
200 0.741 0.742 0.976 1.000 1.000 0.306 0.308 0.937 1.000 1.000
250 0.727 0.741 0.741 0.948 1.000 0.300 0.306 0.310 0.871 1.000
300 0.046 0.741 0.741 0.797 0.998 0.022 0.306 0.306 0.450 0.986
350 0.000 0.613 0.741 0.752 0.981 0.000 0.246 0.306 0.334 0.930
400 0.000 0.023 0.735 0.741 0.915 0.000 0.012 0.304 0.306 0.757
450 0.000 0.000 0.325 0.741 0.774 0.000 0.000 0.134 0.306 0.382
500 0.000 0.000 0.007 0.655 0.741 0.000 0.000 0.002 0.281 0.307
550 0.000 0.000 0.000 0.430 0.740 0.000 0.000 0.000 0.190 0.306
600 0.000 0.000 0.000 0.188 0.730 0.000 0.000 0.000 0.078 0.303
650 0.000 0.000 0.000 0.054 0.678 0.000 0.000 0.000 0.012 0.278
700 0.000 0.000 0.000 0.006 0.541 0.000 0.000 0.000 0.004 0.220
750 0.000 0.000 0.000 0.000 0.346 0.000 0.000 0.000 0.000 0.144
800 0.000 0.000 0.000 0.000 0.137 0.000 0.000 0.000 0.000 0.060
850 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.018
900 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.004
950 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.001
1000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
1050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1150 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1200 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Rural Interstates and Primaries
Posted Speed Limit (mph)
Rural Collectors
Posted Speed Limit (mph)
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Table 6-2. Risk design table (continued) 
 
6.4 Summary 
In this chapter, the performance-based design (PBD) method developed earlier was created using 
a risk-based approached. Two random variables, truck speed and truck types, were used to generate 
stochastic pulse demand samples. These demand samples were compared with a range of shear 
capacities of the pier to evaluate the performance of the pier subject to the stochastic truck models. 
Based on the PBD method, the number of collapse instances was used to calculate the risk of pier 
collapse in a given collision event. The risk curves and risk tables for pier collapse given collision 
were created for four different functional classes in this work, which can serve as a simple but 
C (kips) 30 40 50 60 70 30 40 50 60 70
100 0.986 1.000 1.000 1.000 1.000 0.965 1.000 1.000 1.000 1.000
150 0.654 0.995 1.000 1.000 1.000 0.209 0.994 1.000 1.000 1.000
200 0.654 0.654 0.968 1.000 1.000 0.208 0.209 0.927 1.000 1.000
250 0.647 0.654 0.654 0.947 1.000 0.202 0.208 0.211 0.839 1.000
300 0.063 0.654 0.654 0.725 0.996 0.020 0.208 0.208 0.358 0.983
350 0.000 0.546 0.654 0.668 0.967 0.000 0.171 0.208 0.240 0.916
400 0.000 0.024 0.649 0.656 0.896 0.000 0.005 0.208 0.214 0.714
450 0.000 0.000 0.305 0.653 0.700 0.000 0.000 0.107 0.208 0.296
500 0.000 0.000 0.005 0.590 0.654 0.000 0.000 0.003 0.186 0.209
550 0.000 0.000 0.000 0.419 0.653 0.000 0.000 0.001 0.135 0.208
600 0.000 0.000 0.000 0.185 0.646 0.000 0.000 0.000 0.062 0.208
650 0.000 0.000 0.000 0.039 0.601 0.000 0.000 0.000 0.014 0.191
700 0.000 0.000 0.000 0.003 0.493 0.000 0.000 0.000 0.002 0.153
750 0.000 0.000 0.000 0.001 0.304 0.000 0.000 0.000 0.001 0.105
800 0.000 0.000 0.000 0.000 0.128 0.000 0.000 0.000 0.000 0.044
850 0.000 0.000 0.000 0.000 0.044 0.000 0.000 0.000 0.000 0.014
900 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.003
950 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.001
1000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
1050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1150 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1200 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Posted Speed Limit (mph) Posted Speed Limit (mph)
Urban Interstates and Primaries Urban Collectors
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powerful tool for engineers to decide whether pier protection is required based on the impact 




CHAPTER 7 CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
An extensive investigation of vehicular impact on bridge piers has been conducted to develop a 
performance-based procedure.  The work performed in this study includes calibration of a tractor-
semitrailer model against a full-scale testing in TTI, validation of the concrete material model and 
damage modes using available data in the literature, and development of a performance-based 
guideline for the design of bridge piers against impact by heavy trucks.  Key highlights and 
conclusions of this research are as follows. 
o Three main sources of impact demand of the heavy truck were identified: bumper, engine, 
and trailer. Each was shown to deliver a spike in the applied impact force. The simulation 
results showed that the impact of the engine block usually resulted in the highest peak force, 
which was closely associated with the impact velocity of the vehicle. The trailer’s peak 
demands were shown to be profoundly affected by truck weight, approach speed , and pier 
size. Unlike the engine demand, which has a short duration, the trailer’s demand is applied 
over a much longer period, making it particularly influential with respect to structural 
demands.  It was noted that once the pier’s resistance was compromised by engine impact, 
the subsequent trailer impact created further significant damage, and in extreme cases, 
destroyed the pier. Shear failure was found to be the typical failure mode of the bridge pier, 
as was observed in numerous actual accidents. 
o A simplified pulse demand model was proposed for bridge pier design against heavy truck 
impact. The model was well calibrated by conducting high-fidelity truck simulations. The 
main variables of the model were pier dimensions, impact speed, and truck weight. It was 
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shown that the pulse model yields results that reasonably match the results of detailed 
simulations conducted with the truck model. As with any simplified model, the proposed 
equations are valid only for the tractor-semitrailer model used and for the range of 
parameters (truck weights, speeds, and pier sizes) considered in this work. However, the 
tractor-semitrailer model studied is a common one and the range of parameters considered 
is quite broad and specifically selected to cover a wide range of plausible design scenarios. 
The simplified demand model is proposed in a format that is well-suited for adoption into 
current design provisions and for use in a design office setting.  
o Capacity design was proposed as an innovative design philosophy for piers vulnerable to 
heavy truck impact. The intent is to articulate a meaningful design philosophy that 
promotes ductile instead of brittle failure as a result of the heavy truck impact. The 
simulation results showed that the application of capacity design principles significantly 
decreased the chances of a pier failing in shear due to heavy truck impact. The results also 
showed that capacity-designed piers were able to undergo significantly greater deformation 
than their counterparts that were not capacity designed. 
o A performance-based approach for the design of bridge piers was developed by quantifying 
damage in terms of plastic rotation and shear distortion and the performance in terms of 
demand/capacity (D/C) ratios.  The approach is simple enough for design office use and 
proposes three levels of performance immediate use, damage control and near collapse. 
Applicability of the proposed design approach was demonstrated through several cases that 
were not included in the calibration of the proposed design method. 
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7.2 Limitations and Future Work 
o The pulse equations were derived using a single type of truck that had given bumper 
characteristics and engine weight. Therefore, in order to generalize the proposed pulse 
equations, additional studies should be conducted with a variety of truck designs to confirm 
that they are reasonably representative of the heavy tractor semi-trailer truck population in 
the U.S. By considering the uncertainties from the truck and bridge pier, the performance-
based design proposed in this study could be more comprehensive. 
o Although the concrete model has been validated using large-scale pendulum testing, a full-
scale test using a tractor-semitrailer is needed to further verify damage modes and the 
proposed performance-based approach. The two full-scale tests carried out by the Texas 
Transportation Institute on rigid piers don’t represent the impact of heavy weight trucks on 
concrete bridge piers in a realistic manner because real piers are flexible and can suffer 
damage. Such tests need to be carried out on a full-scale pier-bent model that can represent 
the behavior of a whole bridge during impact. 
o Impact force data from simulation or experiments are usually accompanied by noises. 
Traditional filtering methods used in processing vehicular impact data are SAE for 
extracting dynamic signal and moving average for obtaining static signals, such as 50-ms 
and 25-ms methods. However, the accuracy of the filtered data using these two methods 
may depend on the characteristics of the particular test and engineering judgment. Further 
work is needed to study the characteristics of impact force data and develop a more 
adaptive method for extracting useful signals for impact design of structures. 
o To better understand and control the hazard risk and aim for economical design, there is a 
need to further investigate the vulnerability of bridge piers subject to a heavy truck impact. 
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Further research is needed to study the fragility of bridge piers impacted by heavy trucks 
in a variety of speed and weight and to develop fragility curves for designing bridge piers 
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